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ABSTRACT 
 
Design Methods for Remotely Powered Unmanned Aerial Vehicles 
William Beaman Howe 
 
 
 A method for sizing remotely powered unmanned aerial vehicles is presented to 
augment the conventional design process. This method allows for unconventionally 
powered aircraft to become options in trade studies during the initial design phase. A design 
matrix is created that shows where, and if, a remotely powered vehicle fits within the design 
space. For given range and power requirements, the design matrix uses historical data to 
determine whether an internal combustion or electrical system would be most appropriate. 
Trends in the historical data show that the break in the design space between the two 
systems is around 30 miles and 1 kW. Electrical systems are broken into subcategories of 
onboard energy sources and remote power sources. For this work, only batteries were 
considered as an onboard energy source, but both lasers and microwaves were considered 
for remote power transmission methods. The conventional sizing method is adjusted to so 
that it is based on energy consumption, instead of fuel consumption.  Using the manner in 
which microwaves and laser propagate through the atmosphere, the weight fraction of a 
receiving apparatus is estimated. This is then used with the sizing method to determine the 
gross takeoff weight of the vehicle. This new sizing method is used to compare battery 
systems, microwave systems, and laser systems. 
  
 v 
 
TABLE OF CONTENTS 
 
 Page 
LIST OF TABLES ........................................................................................................... viii 
LIST OF FIGURES ........................................................................................................... ix 
CHAPTER 
1. Introduction ..................................................................................................................... 1 
1.1 Purpose ...................................................................................................................... 1 
1.2 Background ............................................................................................................... 1 
1.2.1 Wireless Energy Transfer ................................................................................... 3 
1.2.2 Unmanned Aerial Vehicles ................................................................................. 4 
1.2.3 Remote Powered Aviation .................................................................................. 5 
1.3 Economic Demand .................................................................................................... 6 
2. Design Methods: Developing a Design Matrix ............................................................ 10 
2.1 Aircraft Sizing ......................................................................................................... 11 
2.2 Mission Profile ........................................................................................................ 13 
2.3 Modifying Breguet Range Equation ....................................................................... 16 
3. Combustion versus Electric .......................................................................................... 18 
3.1 Energy Densities ..................................................................................................... 20 
3.2 System Efficiencies and Weight ............................................................................. 22 
4. Wireless Energy Transfer Methods .............................................................................. 30 
4.1 Microwaves ............................................................................................................. 30 
4.1.1 Transmitting Microwaves ................................................................................. 30 
 vi 
 
4.1.2 Microwave Propagation .................................................................................... 32 
4.1.3 Receiving Microwaves ..................................................................................... 36 
4.2 Lasers ...................................................................................................................... 41 
4.2.1 Transmitting Laser ............................................................................................ 41 
4.2.2 Laser Propagation ............................................................................................. 43 
4.2.3 Receiving Laser Power ..................................................................................... 55 
5. Remote Power Vehicle Sizing ...................................................................................... 58 
5.1 Sizing Vehicle with Microwaves ............................................................................ 60 
5.1.1 Patch Antenna System Weight ......................................................................... 60 
5.1.2 Microwave Receiver Weight Fraction .............................................................. 63 
5.2 Sizing Vehicle with Lasers ...................................................................................... 66 
5.2.1 Laser Receiver: Flat Panel PV Array ............................................................... 66 
5.2.2 Laser Receiver: PV Array on Turret ................................................................. 68 
5.2.3 Laser Receiver Weight Fraction ....................................................................... 70 
5.2.4 Comparison of Flat Panel and Turret ............................................................... 74 
5.3 Microwave versus Laser Systems ........................................................................... 76 
5.3.1 Efficiency Comparison ..................................................................................... 76 
5.3.2 Sizing Comparison ........................................................................................... 77 
5.3.3 Surveillance Area ............................................................................................. 81 
5.4 Hybrid Systems ....................................................................................................... 82 
5.4.1 Augmented versus Non-Augmented systems ................................................... 82 
5.4.2 Comparison of Hybrid, Battery, and Remote Systems ..................................... 83 
6. Conclusion .................................................................................................................... 86 
 vii 
 
6.1 Design Methods in Use ........................................................................................... 86 
6.1.1 Concept of Operations ...................................................................................... 86 
6.1.2 Constraints ........................................................................................................ 89 
6.1.3 Example Sizing ................................................................................................. 93 
6.2 Process Overview .................................................................................................... 97 
6.3 Conclusion ............................................................................................................... 98 
REFERENCES ............................................................................................................... 101 
APPENDICES ................................................................................................................ 104 
A: UAV Data ............................................................................................................... 104 
B: Plots of Electric and Combustion Systems ............................................................. 112 
 
  
 viii 
 
LIST OF TABLES 
Table Page 
Table 1. Comparison of electric and combustion motors. ................................................ 23 
Table 2. Currently available laser technologies.[30] ........................................................ 41 
Table 3. Validation of the sizing code used for battery-powered vehicle. ....................... 81 
Table 4. Requirements of Raven's mission. ...................................................................... 88 
Table 5. Determining factors for a combustion vs. electric system .................................. 89 
 
  
 ix 
 
LIST OF FIGURES 
Figure  Page 
Figure 1. Aircraft force diagram. ........................................................................................ 2 
Figure 2. Image of SHARP aircraft. [8] .............................................................................. 6 
Figure 3. US spending on UAVs since 1998. [11] ............................................................. 7 
Figure 4. Current UAVs in use, categorized by range. ....................................................... 8 
Figure 5. Breakdown of unmanned aerial systems. .......................................................... 10 
Figure 6. Example of a constraint diagram. [16] .............................................................. 11 
Figure 7. Historical regression correlating the empty weight fraction to the takeoff 
weight. Where 𝑊𝑜 is equivalent to 𝑊𝑇𝑂𝐺𝑊 [17] .......................................... 13 
Figure 8. Possible mission for remotely powered vehicles (a) in contact for constant 
power or (b) in contact only to charge battery. ................................................ 14 
Figure 9. Mission profiles for (a) only one power method and (b) a combination of 
powering methods. ........................................................................................... 15 
Figure 10. Historical data comparing the weight of the vehicle to the range. .................. 18 
Figure 11. Historical data comparing weight of the vehicle to the max power 
available. .......................................................................................................... 19 
Figure 12. Energy densities of different types of batteries. [19] ...................................... 20 
Figure 13. Comparison of efficiencies of different types of motors with respect to 
horse power.[21] .............................................................................................. 21 
Figure 14. Motor and engine historical regression based on peak power output. ............ 24 
Figure 15. Historical data to determine a correlation between the weight of the 
engine and the weight of the muffler or ignition. ............................................ 25 
Figure 16. Historical regression depicting the correlation between the motor power 
and the current draw. ........................................................................................ 26 
Figure 17. Regression relating the weight of the speed controller to the continuous 
current draw. .................................................................................................... 27 
Figure 18. Historical regression relating the peak power output of a combustion 
engine to its volume. ........................................................................................ 28 
 x 
 
Figure 19. Historical Regression relating the weight of a motor and speed controller 
to their respective volumes............................................................................... 29 
Figure 20. a) Attenuation due to molecular oxygen for distances of 5 km and inf. b) 
Attenuation due to water vapor for various water vapor densities and 
heights. ............................................................................................................. 33 
Figure 21. Total atmospheric attenuation. ........................................................................ 34 
Figure 22. Controus of power (W) received with varying frequency and distance. 
Part (a) is for horizontal path and part (b) is for vertical path.......................... 35 
Figure 23. Contours of power received (W) with a constant receiver diameter of 
0.1m: (a) 5 m diameter transmitter, Pt=20 kW, and f =2.54 GHz (b) 10 m 
diameter transmitter (c) Pt=40 kW (d) f=28 GHz. ........................................... 36 
Figure 24. Gain radiation pattern for a parabolic antenna. [27] ........................................ 37 
Figure 25. Optimization of a Yagi antenna gain.[28] ....................................................... 38 
Figure 26. Yagi antenna radiation patterns.[29] ............................................................... 39 
Figure 27. Transforming wing structure into a Yagi antenna. .......................................... 39 
Figure 28. Gain patterns for a patch antenna. [29] ............................................................ 40 
Figure 29. Various models of the index of refraction.[35] ............................................... 45 
Figure 30. Experimental and calculated results for 𝑟0 values for a laser with λ = 
847 nm and dl = 0.4 m. The red dots are the superimposed calculated 
values.[36] ........................................................................................................ 46 
Figure 31. Beam spreading due to turbulence, in μrad, with B = 15, dl =1 m, and λ = 
1,060 nm. .......................................................................................................... 47 
Figure 32. Contours of a modeled laser profile (a) without blooming and (b) with 
blooming. [38] .................................................................................................. 48 
Figure 33. Beam spreading due to blooming, in μrad. ..................................................... 50 
Figure 34. Extinction coefficient as a function of altitude, λ = 850 nm and 1,060 
nm. [30] ............................................................................................................ 51 
Figure 35. Intensity at the receiver in kW/m2 from a 10 kW laser, with B = 15, dl =1 
m, and λ = 1,060 nm at standard clear conditions. ........................................... 52 
Figure 36. Maximum incident power at the vehicle in kW, assuming receiver is 
sized to match the spot size, with a 10 kW laser, with B = 15, dl =1 m, 
and λ = 1,060 nm. ............................................................................................. 53 
 xi 
 
Figure 37. Intensity results from Mason using a 10 kW laser, with B = 15, dl =1 m, 
and λ = 1,060 nm at standard clear conditions. [30] ........................................ 54 
Figure 38. Conversion efficiencies of several different photovoltaic materials. [30] ...... 55 
Figure 39. Photovoltaic efficiency for a Spectrolab CDO-100 solar cell. [30] ................ 56 
Figure 40. Contours of the area of the beam spot for a range of altitudes and 
distances in m2. ................................................................................................ 56 
Figure 41. Three scenarios for battery sizing: (a) battery provides all power or (b) 
battery is augmented with laser power. ............................................................ 58 
Figure 42. Patch antenna used for weight model. ............................................................. 60 
Figure 43. Gain patterns for patch antenna. ...................................................................... 62 
Figure 44. Historical data of how the weight of a converter is affected by the max 
power output. ................................................................................................... 62 
Figure 45. Plots of the WTOGW (a) Pt = 20 kW and f = 5 GHz (b) Pt = 20 kW and 
dt,micro = 65 ft (c) f = 5 GHz and dt,micro = 65 ft ................................................. 65 
Figure 46. Power Received using a flat panel, assuming panel sized to spot size. 
Using a 10 kW laser, with B = 15, dl =1 m, ηrec=0.25, and λ = 1,060 nm 
at standard clear conditions. ............................................................................. 67 
Figure 47. 360 degree gimbaled turret. ............................................................................. 68 
Figure 48. Historical regression showing how the weight of the turret is related to 
the diameter. ..................................................................................................... 69 
Figure 49. Dimensioned side view of turret. ..................................................................... 70 
Figure 50. Contours of WTOGW with respect to distance and various laser 
parameters (a) B = 10, ηre c= 0.25, dl = 0.3 ft (b)  B= 10, Pt,las = 20 kW, dl 
= 0.3 ft (c) B = 10, Pt,las = 20 kW, ηrec = 0.25 (d) Pt,las = 20 kW, ηrec= 0.25, 
dl = 0.3 ft ........................................................................................................... 73 
Figure 51. Required transmitted power in order to power the UAV. ............................... 74 
Figure 52. A comparison of how the turret reduces the receiver weight ratio. Solid 
lines represent just a panel and the dotted lines represent the turret. ............... 75 
Figure 53. Comparison of the weight fractions for the turret and a panel. ....................... 75 
Figure 54. A comparison of the efficiencies of a microwave powered and laser 
powered system. The microwave system has three different cases: a 
 xii 
 
vehicle with two patch antenna, five patch antenna, and ten patch 
antenna. ............................................................................................................ 76 
Figure 55. (a) Shows how the estimated takeoff weight of remotely powered 
vehicles changes with the down range sizing distance. For the laser 
powered vehicle:  B = 10, Pt,las = 20 kW, ηrec = 0.25; and for the 
microwave powered vehicle: Pt,micro = 20 kW, dl = 20 m. (b) Shows how 
the estimated takeoff weight of a battery powered vehicle changes with 
endurance. ........................................................................................................ 77 
Figure 56. Sizing comparison of remote power UAVs and battery powered UAVs. ....... 78 
Figure 57. Analysis of plot comparing remotely powered vehicles with battery 
powered vehicles. ............................................................................................. 79 
Figure 58. Doubling the transmitted power of both remote systems, and doubling 
the microwave transmitter diameter. ................................................................ 80 
Figure 59. Plot of hybrid remote-battery powered systems, with a down range 
requirement of 7 miles. .................................................................................... 82 
Figure 60. Comparison of remotely powered, hybrid, and battery powered system. ....... 84 
Figure 61. Contours of the growth factor while varying the downrange sizing value 
and the payload weight..................................................................................... 85 
Figure 62. The design process flow. ................................................................................. 86 
Figure 63. Range of different unmanned aerial systems over a map of Iraq: (a) short 
range (b) mid-range and (c) long range. [11] ................................................... 87 
Figure 64. Constrain diagram using Raven requirements. ................................................ 92 
Figure 65. Information flow diagram of sizing code. ....................................................... 93 
Figure 66. Cross section of the S1223 airfoil.[45] ............................................................ 94 
Figure 67. Lift curve and drag polar of the S1223 airfoil. ................................................ 94 
Figure 68. Comparing battery powered system, with different laser powered 
systems. ............................................................................................................ 95 
Figure 69. Comparison of battery powered system and system using both batteries 
and lasers. ......................................................................................................... 97 
 
 
 1 
 
 
 
1. Introduction 
1.1 Purpose 
The purpose of this work is to develop techniques to design a remotely powered 
UAV. Most design techniques are based around a vehicle that is either gas or electric 
powered. Because of this, these methods do not work for an aircraft that is powered by an 
external source. In order to develop a design method for externally powered vehicles, 
various ways in which a vehicle could be remotely powered were studied.  
 To accomplish the goals of this study, a literature review of wireless energy transfer 
was performed. From this, appropriate methods of energy transfer for aircraft were 
determined. These were determined to either be microwaves or lasers. Models of how the 
energy is transferred between a ground station and the aircraft were then researched. These 
models included the effects of the atmosphere and efficiencies of the respective methods. 
Using these models, the size of the receiving components on the aircraft can be estimated. 
Incorporating this into conventional aircraft sizing methods allows for total weight 
estimations for a remotely powered vehicle.  
 The motivation for this work comes from an initial NASA grant to study electrically 
powered vehicles. Initial research showed that current energy storage capabilities are a 
major limiting factor for electric aviation. Wireless power was viewed as a way to remove 
the limitations presented by onboard power.  
1.2 Background 
Weight is the biggest consideration when designing an aircraft. Figure 1 shows a 
force diagram of a plane. In order to fly, an aircraft must use lift and thrust to overcome 
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the weight and drag of the vehicle. So, in the design process, the weight of the vehicle sets 
requirements for the lift and thrust. 
 
Figure 1. Aircraft force diagram. 
The problem with conventional power sources is that the aircraft is limited by the 
amount of energy it can store onboard. It therefore has a set period it can fly, which is 
dependent upon the amount of energy it has stored and the fuel consumption. In order to 
increase the mission parameters, the amount of energy stored onboard needs to be 
increased. When increasing the amount of energy stored, in the form of fuel or batteries, 
the weight of the vehicle increases. This in turn increases the lift and/or thrust required.   
 The benefit to powering an aircraft remotely is that it removes the limit placed on 
a vehicle by onboard energy storage. This comes at a price though, as the vehicle can only 
by powered while it is within range of the power transmitter. However, while the vehicle 
is within this range, it is theoretically possible to have infinite endurance without a massive 
weight increase. This is obviously an attractive concept, and it’s actually been around for 
quite some time.  
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1.2.1 Wireless Energy Transfer 
The concept of wireless energy transfer has been around since the time of Nikola 
Tesla. Tesla conducted experiments as early as the 1890s. In 1898 Tesla successfully 
demonstrated how a light bulb could be powered from 30 miles away through microwaves. 
He was a great proponent for the concept, and his work eventually led him to the idea of 
ionizing the upper atmosphere, thereby allowing it to conduct electricity. In this era, study 
of wireless power transfer flourished.  There were regular contests at fairs to see who could 
make an electric engine run from the farthest distance away. After a while research for 
wireless power died off due to lack of funding, with many theories surrounding the fall. [1] 
The next major advancement applicable to this field came with the invention of the 
Yagi antenna in the 1928. This was the first creation of a high gain, highly direction 
antenna. While the concept was created by the Japanese scientists Shintaro Uda and 
Hidetsugu Yagi, Americans and their European allies were the ones that put it into wide 
spread use. The Japanese did not realize the concept for the technology actually came from 
their own work until interrogating prisoners of war during World War II. [2]  
William Brown was the first recorded person to use the advances in microwave 
technology for remote power transfer. In 1964 he successfully powered a small remote 
controlled helicopter on CBS news using microwaves. Also around this time Peter Glaser 
wrote a paper, proposing collecting solar energy in space and beaming it down to earth 
through microwaves. This is recognized as the first paper of its kind. One square kilometer 
of solar cells in space collects enough energy to power the entire United States. Because of 
this, beamed solar energy is considered the ultimate goal of wireless energy transfer. 
Whether this is truly feasible or not is yet to be determined.  
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Around the same time as Brown, Theodore Maiman was doing work that would 
advance wireless power technology. Maiman invented the laser in 1960 [3], however, it 
was not until a 1993 study by Jet Propulsion Laboratories that lasers were considered as a 
means for long-range power transmission. [4] Since then numerous programs have 
advanced upon this research. In 2009, LaserMotive successfully transmitted 1 kW of power 
over 100 km, winning the NASA Power Beaming competition. 
1.2.2 Unmanned Aerial Vehicles 
 This work is mostly concerned with the design of UAVs as their value is growing 
exponentially. UAVs have been around for quite some time, and their history actually starts 
before the Wright brothers. War kites used in the Spanish-American War could be 
considered the first use of unmanned aerial vehicles. In 1898 Corporal William Eddy place 
a camera on a kite and flew it up into the air. He had attached a long string to the shutter, 
so that he could manually take the pictures. He used these kites to take hundreds of pictures 
of enemy positions. These are credited as the first wartime surveillance photos in history. 
[5] 
 The next major step came in World War II by the Germans. In order to prevent the 
risk of losing pilots trying to bomb England, German engineers came up with the V-1 Buzz 
Bomb. It consisted of a warhead with an attached pulsejet, which gave it its signature buzz. 
The V-1 Buzz Bomb was designed to fly 150 miles before dropping their 2,000 lb warhead. 
It could not be controlled once it had been launched, but since they knew where it needed 
to fly they just pointed it in the appropriate direction. [6] 
 In response to the Buzz Bombs, the American Air Force converted several of their 
Liberators and B17s to be remotely controlled through video guidance systems. They were 
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unable to make the aircrafts takeoff while remotely controlled, so pilots would handle the 
takeoff and then bailout over the North Sea where they would then be picked up. The 
aircraft would then be remotely controlled to its target destination. These were usually used 
against the heavily guarded Buzz Bomb factories.  
 Since then, UAVs have advanced immensely. There are currently hundreds of 
different types of UAVs. The come in a variety of shapes and sizes, all depending upon the 
mission. As funding is poured into UAV research, the types and abilities of the UAVs will 
increase exponentially. Currently most UAVs are used overseas but recently there has been 
a push to be able to use UAVs locally. Right now there are very few laws allowing the use 
of UAVs in domestic airspace, but it is not unreasonable to expect UAVs to be a common 
sight in the near future. 
1.2.3 Remote Powered Aviation 
 As mentioned before, William Brown was the first person to combine aircraft and 
wireless power when he powered a RC helicopter using microwaves in 1964. The next 
major step in came with solar power. In 1974 the AstroFlight Sunrise was the first aircraft 
to fly powered by solar power. [7]  This development created the groundwork for many 
vehicles to come.  
 In 1987, microwave powered flight took another advancement in the form of the 
SHARP, shown in Figure 2. This was planned to be a high altitude relay platform. Only a 
1/8 scale model was actually flown, and it required an 80 meters diameter transmitter array. 
[8] Lack of funding prevent the flight of a full scale prototype. Microwave powered flight 
did not end there as in 1992 the MILAX was created. It was for a similar purpose and they 
managed a 40 second flight over 400 meters. [8] 
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Figure 2. Image of SHARP aircraft. [8] 
Laser powered flight’s first success came with lightcraft. Lightcraft use highly 
focused lasers to create plasma on the backside of the vehicle, which expands and creates 
thrust. [9] In 2003, NASA used lasers to power a small RC airplane. This time, instead of 
using the lasers as a direct propulsive device, the laser beam was converted to electricity 
using solar panels, which in turn powered a motor to drive a propeller. Research has 
expanded on this to the point that, in August of 2012, LaserMotive teamed up with 
Lockheed Martin and the two of them powered Lockheed Martin’s UAV, the Stalker, for 
48 hours. [10] With the advance in technology, and the demand for UAVs with more 
capabilities increases, research will continue to be done on wireless power transfer. 
1.3 Economic Demand 
 For this work it is important to understand why there is the need to develop new 
design techniques. The demand for UAVs has increased immensely in the past several 
decades. Part of this can be attributed to the change in the nature of war. With modern 
warfare existing in urban areas, it is necessary for constant surveillance to separate civilian 
targets from military ones. The endurance of a manned aircraft can be limited by its human 
counterpart. UAVs allow for longer endurance and, because they do not need a human 
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pilot, they can come in a much smaller size. The smaller size also allows for closer 
surveillance in densely populated areas. Another added benefit of removing the human, 
and the life support systems necessary, is that it significantly reduces the weight, which, 
theoretically, reduces the flyaway cost.  
Due to these advantages, the U.S. Senate has invested heavily in UAV systems. In 
2005 95% of all aircraft in the military were manned, compared to only 59% today. [11] 
Figure 3 shows a plot of government spending since 1988. This figure shows that spending 
from 2000 to 2010 has increased over 700%. It should be noted that the y-axis should be 
in billions not millions. This plot was corrected in the text of the paper. 
 
Figure 3. US spending on UAVs since 1998. [11] 
Not only have the number of UAVs in use increased, but also the varieties. The 
U.S. military employs many different types, for many different missions. The vast majority 
of these tend to be smaller in scale. Figure 4 shows a graph of the number of UAVs in use, 
for three different range scales. The number of UAVs with a range of less than 10 miles 
makes up almost 80% of the entire UAV contingent. 
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Figure 4. Current UAVs in use, categorized by range. 
This shows that not only is there a large demand for UAVs but there especially is a 
demand for more advanced short-range UAVs. Currently, the military is artificially 
increasing a UAV system’s endurance by using multiple vehicles, and rotating them to 
maintain constant surveillance. To achieve 30+ hours of endurance for the Raven, 3 
separate vehicles are rotated. [12] 
Currently the endurance for UAVs is limited by the amount of fuel they can carry 
or their battery capacity. Efficiencies of fuel-based aircraft are reaching their peak [13], 
and, while there are advancements that can improve battery life, the current most 
commonly used battery, lithium-ion, is reaching its theoretical peak as well. [14] Because 
of this it is necessary to look into new technologies for power UAVs. Remote power may 
provide the perfect solution to this demand for long endurance, short range UAVs. 
Remotely powering UAVs takes away the need for new technological advances in onboard 
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energy storage systems and/or propulsion systems. Remote power already fits within 
electric aircraft architectures and, since the power source is no longer constrained by the 
size of the vehicle, there are no necessary advancements in power technology. Using 
remote power methods to increase the endurance of a single vehicle eliminates the need to 
cycle multiple vehicles in order to maintain surveillance over a target. Using only one 
vehicle should reduce the overall cost of the surveillance system.  
 The intent of this work is to explore the boundaries of remote power capabilities. 
By determining the range and power capabilities, a design space can be developed. This 
design space will fit into conventional sizing, and given a specific mission’s requirements, 
will determine if remote power is an appropriate option. 
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2. Design Methods: Developing a Design Matrix  
When designing a remotely power UAS, it is important to determine what design 
space it would exist in with respect to current systems. Determining this design space will 
give an idea of the mission requirements at which a remotely powered UAV will be cost 
effective with respect to its conventional counterparts. However, since current design 
methods do not apply to remotely powered vehicles, new techniques will need to be 
developed. In this paper, a design matrix is developed that will assist in determining when 
a remotely powered vehicle will be comparable to an electric or combustion one.  
The design matrix is created by splitting aircraft designs into two major categories: 
combustion powered and electrically powered. Subsets of combustion-powered aircraft 
will not be considered for this thesis. Electrically powered aircraft are then broken into two 
categories as well: battery powered and remotely powered. There are other options for 
electrically powered, such as fuel cells, but these will be ignored for this work, since they 
do not have significant historical data. The remotely powered set can then be separated into 
laser or microwave powered. This breakdown is shown in Figure 5. 
 
Figure 5. Breakdown of unmanned aerial systems. 
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2.1 Aircraft Sizing   
Two of the most important parts of the design process are the aircraft sizing and the 
constraint diagram. The constraint diagram uses the mission requirements to develop a 
design space that the vehicle will need to fall in, and the aircraft sizing gives an estimated 
weight of the vehicle. An example of a constraint diagram is shown in Figure 6. The 
estimated weight can be used, along with the constraint diagram, in order to determine 
factors such as the power requirements, the planform area, and cost [15], among others. 
 
Figure 6. Example of a constraint diagram. [16] 
As stated before, aircraft sizing is the process of estimating the takeoff gross weight 
of the vehicle. Conventional aircraft sizing comes from an iterative method to solve for the 
gross-takeoff weight. The method is derived from the basic equation for the weight of the 
aircraft 
 𝑊𝑇𝑂𝐺𝑊 = 𝑊𝑃 +𝑊𝑎𝑓 +𝑊𝑂𝐸𝑆 +𝑊𝑝𝑎𝑦 +𝑊𝑚 (1) 
where 𝑊𝑇𝑂𝐺𝑊 is the takeoff weight of the aircraft,  𝑊𝑃 is the propulsion system weight, 
𝑊𝑎𝑓 is the weight of the airframe, 𝑊𝐸𝑂𝑆 is the weight of the onboard energy source, 𝑊𝑝𝑎𝑦 
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is the payload weight, and 𝑊𝑚 is miscellaneous weight. This can be simplified by 
combining several of the terms, resulting in 
 𝑊𝑇𝑂𝐺𝑊 = 𝑊𝑒 +𝑊𝑂𝐸𝑆 +𝑊𝑃 +𝑊𝑝𝑎𝑦 (2) 
where 𝑊𝑒 is the empty weight of the aircraft, and is a combination of the airframe weight 
and miscellaneous weight. In most cases, the weight of the onboard energy source is 
represented as the fuel weight, 𝑊𝑓. The fuel weight faction is then found by rearranging 
the Berguet range equation. Since this work is also considering vehicles that do not use 
fuel, 𝑊𝑂𝐸𝑆 is used as a term to account for however the energy is provided. This includes 
vehicles that use batteries, fuel, are remotely powered, or any combination of those. 
Due to the way in which systems are coupled, conventional sizing methods rearrange 
Equation (2) to solve for the takeoff gross weight in a different way.  
 
𝑊𝑇𝑂𝐺𝑊 =
𝑊𝑝𝑎𝑦
1 −
𝑊𝑒
𝑊𝑇𝑂𝐺𝑊
−
𝑊𝑂𝐸𝑆
𝑊𝑇𝑂𝐺𝑊
−
𝑊𝑃
𝑊𝑇𝑂𝐺𝑊
 
(3) 
The value of the 𝑊𝑝𝑎𝑦 depends on the mission that is being designed for, and 
𝑊𝑂𝐸𝑆
𝑊𝑇𝑂𝐺𝑊
, called 
the energy weight fraction, is dependent upon the energy required to perform the mission. 
The empty weight fraction, 
𝑊𝑒
𝑊𝑇𝑂𝐺𝑊
, and propulsion weight fraction, 
𝑊𝑃
𝑊𝑇𝑂𝐺𝑊
, come from 
historical data, with the empty weight fraction based on the takeoff gross weight and the 
propulsion weight fraction based on the power to weight ratio.  
The empty weight fraction is highly dependent upon the type of vehicle. Historical 
data for multiple different types of vehicles are found in Figure 7. The empty weight 
fraction used in this work is found using data for short range UAVs. This results in an 
empty weight fraction that is a function of the gross-takeoff weight. 
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 𝑊𝑒
𝑊𝑇𝑂𝐺𝑊
= 0.916𝑊𝑇𝑂𝐺𝑊
−0.0795 (4) 
Because the empty weight fraction is dependent upon the takeoff weight of the vehicle, 
the problem needs an iterative solver to find the solution.  
 
Figure 7. Historical regression correlating the empty weight fraction to the takeoff 
weight. Where 𝑊𝑜 is equivalent to 𝑊𝑇𝑂𝐺𝑊 [17] 
This data is based on current UAVs, which consists mostly of combustion powered 
systems. Due to this, the equation for the empty weight fraction does not directly apply to 
electrical and remotely powered systems. However, since the goal of aircraft sizing is to 
get an estimated weight, this is considered a reasonable estimate with which to use. 
2.2 Mission Profile 
 In order to perform the aircraft sizing, it is necessary to understand the mission 
profile. In conventional design methods, the mission profile is used to determine the fuel 
weight fraction at takeoff. This is done by working backwards along the mission and 
determining the fuel weight fraction for each leg. These are then combined into the total 
fuel weight fraction. When using electrical systems, it is necessary to determine the amount 
 14 
 
 
of energy consumed during each leg. For battery systems, the 𝑊𝑂𝐸𝑆 can be estimated by 
using current battery energy densities. For remote power it gets more complicated because 
the amount of power being provided fluctuates throughout the mission.  
With remote power and battery power being considered as subsets of electrical 
systems, the mission profile for electrical systems can vary from being completely remotely 
powered, to completely battery powered, and any variation in between. This is depicted in 
Figure 8 below.  
 
Figure 8. Possible mission for remotely powered vehicles (a) in contact for constant 
power or (b) in contact only to charge battery. 
There are benefits to both possible mission versions. The first one provides constant 
power the entire time, thereby reducing the necessary battery mass. It also reduces the 
battery cycles, for which a battery only has a finite amount. The second case, however, 
provides a greater range but at the cost of a greater battery mass. The extra battery life 
allows the vehicle to be partially separated from the range restrictions of the transmitter. 
The degree to which the vehicle could be dependent upon the transmitter varies depending 
upon the mission. This becomes an optimization problem as it is dependent upon the total 
range, the power able to be output from the remote power transmitter, and the point at 
which the vehicle switches from remote to battery power. The results are completely 
dependent upon the mission requirements.  
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 A mission profile was created to compare the different methods. This can be seen 
below in Figure 9. Part (a) depicts the mission profile when only one powering method is 
used, such as combustion, battery, or remote power only. The mission consists of three 
parts. The first part is a climb to cruise altitude, the second part is a cruise to some distance 
R and back, and the third part is the descent. 
 
Figure 9. Mission profiles for (a) only one power method and (b) a combination of 
powering methods. 
There is no takeoff leg because it is assumed that the vehicle is hand launched. For 
landing, it is assumed that the UAV goes into a deep stall to bleed of as much energy as 
possible as it falls to the ground. Part (b) is for the case where part of the mission is remotely 
power and part of the mission is powered by battery. The first leg is a climb using battery 
power. Once it reaches cruising altitude, it switches to remote power where it then flies out 
to some distance ℓ that the receiver has been sized to. During the second leg, the excess 
power from the laser is used to recharge the battery from the climb. For the third leg, the 
UAV uses battery power to fly to distance R and back. 
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2.3 Modifying Breguet Range Equation 
As mentioned before, for a vehicle equipped with a combustion-propulsion system, 
the Breguet range equation is used to determine the fuel weight fraction for each mission 
leg. Since this does not apply to electric vehicles, a new way of determining the energy 
consumed during each leg was developed. This was done using the equation for the specific 
excess energy 
 
𝑃𝑠 = (
𝑃𝑙𝑒𝑔
𝑊𝑇𝑂𝐺𝑊
)
𝜂𝑝𝑟𝑜𝑝𝜂𝑚𝑜𝑡𝑜𝑟𝜂𝑠𝑐𝛼
𝛽
−
𝐹𝐷
𝑊𝑇𝑂𝐺𝑊
𝑣
𝛽
 (5) 
where 𝑃𝑙𝑒𝑔 is the power draw from the specific leg, 𝛽 is the vehicle weight fraction with 
respect to the gross takeoff weight, 𝛼 is an efficiency lapse due to altitude. The drag force 
to takeoff weight is found from  
 𝐹𝐷
𝑊𝑇𝑂𝐺𝑊
=
𝐶𝐷𝜌𝑣
2
2𝛽
1
(𝑊𝑇𝑂𝐺𝑊 𝑆⁄ )
 (6) 
where 𝐶𝐷 is the coefficient of drag and 𝜌  is the density of air. The coefficient of drag is 
determine through a drag buildup that will be discussed more in section 6.1.2 Constraints. 
Rearranging Eq. (5) to solve for mission leg power weight fraction results in the following. 
 
(
𝑃𝑙𝑒𝑔
𝑊𝑇𝑂𝐺𝑊
) = ( 𝑃𝑠 +
𝐹𝐷
𝑊𝑇𝑂𝐺𝑊
𝑣
𝛽
)(
𝛽
𝜂𝑝𝑟𝑜𝑝𝜂𝑚𝑜𝑡𝑜𝑟𝜂𝑠𝑐𝛼
) (7) 
Integrating the right side of the equation, with respect to time, gives the specific energy. 
 
(
𝐸𝑙𝑒𝑔
𝑊𝑇𝑂𝐺𝑊
) = ∫ [( 𝑃𝑠 +
𝐹𝐷
𝑊𝑇𝑂𝐺𝑊
𝑣
𝛽
)(
𝛽
𝜂𝑝𝑟𝑜𝑝𝜂𝑚𝑜𝑡𝑜𝑟𝜂𝑠𝑐𝛼
)] 𝑑𝑡 (8) 
The specific excess power within the equation is modified to reflect the type of leg. 
For a cruise leg, the equation is simplified as the specific excess power is zero. Two types 
of climbing legs to consider are constant speed climbs and constant Mach climbs. For a 
constant speed climb, the change in time is equal to the change in height, divided by the 
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rate of climb. Since the specific excess power is equal to the rate of climb, and the rate of 
climb is equal to the speed multiplied by the sine of the path angle, the equation can be 
rearranged. 
 
(
𝐸𝑙𝑒𝑔
𝑊𝑇𝑂
) = ∫[(1 +
𝐹𝐷
𝑊𝑇𝑂𝐺𝑊
1
𝛽 sin(𝜃)
) (
𝛽
𝜂𝑝𝑟𝑜𝑝𝜂𝑚𝑜𝑡𝑜𝑟𝜂𝑠𝑐𝛼
)] 𝑑ℎ (9) 
Similar changes can be made for the constant Mach climb. However, it must be noted that 
the speed of sound is not constant with altitude. This results in 
 
(
𝐸𝑙𝑒𝑔
𝑊𝑇𝑂
) = ∫[(𝑎 +
𝐹𝐷
𝑊𝑇𝑂𝐺𝑊
𝑎
𝛽 sin(𝜃)
) (
𝛽
𝜂𝑝𝑟𝑜𝑝𝜂𝑚𝑜𝑡𝑜𝑟𝜂𝑠𝑐𝛼
)] 𝑑 (
ℎ
𝑎
) (10) 
where 𝑎 is the speed of sound.  
The equation for an acceleration leg is developed using the fact that specific excess 
power is equal to the change in energy height with respect to time. Substituting this into 
Eq. (8) and accounting for no altitude change gives a time dependent approach. 
 
(
𝐸𝑙𝑒𝑔
𝑊𝑇𝑂
) = ∫ [(
1
2𝑔
(𝑣𝑓
2 − 𝑣𝑖
2) +
𝐹𝐷
𝑊𝑇𝑂𝐺𝑊
𝑣
𝛽
)(
𝛽
𝜂𝑝𝑟𝑜𝑝𝜂𝑚𝑜𝑡𝑜𝑟𝜂𝑠𝑐𝛼
)] 𝑑𝑡 (11) 
Adding up the specific energy of each leg gives the total energy required to run the 
propulsion system throughout the mission. This is beneficial for sizing both the battery and 
remote powered vehicles. 
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3. Combustion versus Electric 
 The first step in developing the design matrix is to compare current combustion and 
electrical systems. In order to determine how combustion powered vehicles and electrically 
powered ones are divided, historical data was analyzed. It can be estimated that the weight 
of the vehicle is equal to some function of the range, power, and payload requirements as 
designated by the mission or 
 𝑊𝑇𝑂𝐺𝑊 = 𝑓(𝑅, 𝑃,𝑊𝑝𝑎𝑦)   (12) 
where 𝑅 is the range, 𝑃 is the power, and 𝑊𝑝𝑎𝑦 is the weight of the payload. This was 
converted into  
 𝑊𝑇𝑂𝐺𝑊 −𝑊𝑝𝑎𝑦 = 𝑓(𝑅, 𝑃)   (13) 
which allows us to characterize the vehicle weight as only a function of the range and 
power. This way the weight that is being used is the empty weight of the vehicle plus the 
weight respective propulsion system.  
Figure 10 shows how the weight of the vehicle relates to the designed range. All 
the UAV data used can be found in the table in APPENDICES A: UAV Data. 
 
Figure 10. Historical data comparing the weight of the vehicle to the range. 
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Figure 10 shows that both electrically powered and combustion powered aircraft 
have overlapping design space with respect to range. The values for the combustion UAVs 
is very scattered, however, the electrically powered UAVs consistently tend to have less 
weight at lower ranges. At lower ranges, the electric UAVs tend to have a lower takeoff 
gross weight minus the payload weight. This trend occurs when the range is less than 50 
km, after 50 km the weight of the electrically powered increases dramatically. 
Figure 11 shows how the weight of the vehicle relates to the designed power. The 
power in this case is the maximum shaft power output at sea level. There is less data 
available on the actual power output of the respective propulsion system than there is range 
capabilities for UAVs. This is especially true for electrical systems. This is largely due to 
companies using their own privately made motors. From this plot, it was found that 
between 500-1000 W is when the combustion power starts to have a lower weight for the 
same output power. Complete plots for both combustion and electric powered UAVs 
plotted separately can be found in B: Plots of Electric and Combustion Systems. 
 
Figure 11. Historical data comparing weight of the vehicle to the max power available. 
Using these two figures, a general idea of where the design space for an electrically 
powered UAV should be. The data is mostly clustered around low power requirements for 
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the electric vehicles. There were really only two high powered electric vehicles for which 
data could be obtained. This shows that the design space for an electric powered UAV 
would exist within a range of less than 50 km and a power requirement of less than 1 kW. 
3.1 Energy Densities 
To understand why Figure 11 behaves the way it does, it is necessary to look at the 
energy source and how it is converted into power. For the combustion system, this involves 
some type of fuel and a combustion engine, and for the electric system, it is a battery and 
an electric motor. This thesis only considers piston-prop engines for combustion systems 
in order to ensure similarity between electrical systems.  
The best way to compare energy sources is by looking at the energy density. Since 
we are restricted to piston driven propellers, it is assumed that the combustion system uses 
conventional gasoline. The energy density varies upon the local atmospheric conditions 
but at standard day, gasoline has an energy density of around 44 MJ/kg and 31.1 MJ/L. 
[18] It is harder to give batteries a single energy density, as there are many different types 
and the values can vary for each type. Figure 12 plots different types of batteries with their 
respective energy densities. 
 
Figure 12. Energy densities of different types of batteries. [19] 
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Figure 12 shows that currently, the best battery technology in terms of energy 
density is lithium polymer. These can have energy densities up to about 1 MJ/kg and 1.26 
MJ/L. Comparing the values for energy densities, it is obvious that combustion systems 
have a large advantage due to their energy source. However, it is also important to look at 
how each system converts the energy into power. Piston engines have been around for a 
long time and therefore, extensive work has been done to make them as efficient as 
possible. Piston engines are flawed in the fact that they, theoretically, can only achieve a 
maximum efficiency of around 40%. [13] Electric motors, on the other hand, have been 
known to achieve efficiencies up to 90% or higher. [20] This is displayed in Figure 13. 
When comparing energy densities it is also important to consider the effective energy 
density. This is the energy when accounting for the efficiencies of the respective systems. 
 
Figure 13. Comparison of efficiencies of different types of motors with respect to horse 
power. [21] 
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3.2 System Efficiencies and Weight 
As the volume of the energy system decreases, the total energy of the system 
approaches zero. This can be described mathematically by  
 𝑖𝑓 𝐸 = 𝜚𝑉 𝑡ℎ𝑒𝑛 lim
𝑉→0
𝐸 = 0 
where 𝜚 is the energy density and 𝑉 is the volume. So as the volume decreases the values 
for the energies of the systems become closer, but the gas system will always have a greater 
energy. The difference that comes into play is the components of the system, as the system 
gets smaller.  
 A system that requires an output power of 800 W for half an hour results in a total 
necessary energy of 1.44 MJ. In terms of on board storage, this would result in a volume 
70 in3 for a lithium polymer battery or 2.5 in3 for gasoline. When taking into account the 
efficiencies of the motor, both these values increase. For a power output of around 800 W 
two commercially available RC aircraft motors were analyzed, both which put out a 
maximum of 1500 W. The HC5030-390 electric brushless was used to model the electric 
system, which has an efficiency of around 80%. The O.S. FT-160 was used for the 
combustion system. Even though combustion engines have a theoretical value of around 
40%, smaller engines have not been advanced as much. According to the manufacturer’s 
specifications, the FT-160 only has an efficiency of 0.09%. Using these efficiencies results 
in a total energy stored on-board of 1.8 MJ necessary for the electric system and 16 MJ for 
the combustion system. This translates to volumes of 87 in3 and 31.5 in3 respectively and 
weights of 4 lb [22] and 0.8 lb [23] respectively.  
 Even considering the efficiencies of the motors, the combustion system still has a 
lower volume and weight requirements for the energy storage. When comparing the two 
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engines, the HC5030-390 weighs only 0.9 lb and takes up a volume of 6.5 in3, while the 
FT-160 weighs 2.4 lb and takes up a volume of 84 in3. The combustion system still weighs 
less but takes up more volume. The combustion still needs a fuel pump, a container to hold 
the liquid fuel, hoses, and a battery to run the electrical systems of the vehicle. The 
electrical systems only other major component is a speed controller, which is roughly 
equivalent in weight to the fuel pump for this size of system. The results are a combustion 
system that is marginally lighter, but has a greater volume, and an electrical system that is 
slightly heavier but a smaller volume. Combustion systems also have to deal with 
movement of the center of gravity as the fuel is burned. So for systems of this size and 
smaller, electric is usually the appropriate choice due to the ease of use and lower drag due 
to the smaller volume. This is because most of the mass of an electric system is in energy 
storage. 
Table 1. Comparison of electric and combustion motors. 
Motor Efficiency Weight (lb) 
Energy 
Weight (lb) 
Extras (lb) 
System 
Weight (lb) 
HC5030-390 80% 0.9 4.0 0.15 5.05 
O.S. FT-160 9% 2.4 0.8 0.85 4.05 
Since the propulsion system is the major factor that separates combustion and 
electrical designs, it is necessary to create estimates of the weight for both types of systems. 
The two main parts of each system are the electric motor and the combustion engine. Figure 
14 shows historical regressions that predict the weight of a motor or an engine based on 
their peak output power. 
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Figure 14. Motor and engine historical regression based on peak power output. 
Looking at this figure shows that, for power outputs up to 1 kW, electric motors tend to 
weigh less. The resulting trend-lines give equations that can be used to estimate the weights 
of the motor and engine respectively. This is 
 𝑊𝑚𝑜𝑡 = 0.0007𝑃𝑜𝑢𝑡 + 0.0087  (14) 
for the motor, where 𝑃𝑜𝑢𝑡 is the peak power out, and  
 𝑊𝑒𝑛𝑔 = 0.0008𝑃𝑜𝑢𝑡 + 0.3075  (15) 
for the combustion engine.  
For the combustion engine, there are three more main parts included into the model: 
the muffler(s), the electronic ignition, and the regulator pump. Figure 15 shows historical 
data for the weight of the muffler or ignition with respect to the weight of the engine. From 
this figure it can be seen that there is a correlation for the weight of the muffle and the 
weight of the engine, but there is not a correlation between the engine weight and the 
weight of the ignition.  
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Figure 15. Historical data to determine a correlation between the weight of the engine and 
the weight of the muffler or ignition. 
The weights of the muffler and ignition were also compared to the peak output power of 
the engine. However, there is a stronger correlation between the weight of the engine and 
muffler weight, while there was still no correlation for the ignition weight and engine 
weight. From this figure, the equation for the muffler weight is found to be the following. 
 𝑊𝑚𝑢𝑓 = 0.0588𝑊𝑒𝑛𝑔 + 0.0409  (16) 
Not enough data was found to estimate the weight of a regulator pump. So to model 
the weight of the pump a Perry VP-40SG regulating pump was used. This is a commercially 
available pump that is commonly used on RC aircraft. It weighs 0.05 lb and is capable of 
pumping up to 3.5 Oz/min. This should be enough to handle the requirements for engines 
within the range of 0 to 1,500 W. Using all of the components, the propulsion system 
weight for a combustion system is estimated to be 
  𝑊𝑃,𝑐𝑜𝑚 = 𝑊𝑒𝑛𝑔 +𝑊𝑚𝑢𝑓 +𝑊𝑖𝑔𝑛 +𝑊𝑝𝑢𝑚𝑝 (17) 
where 𝑊𝑖𝑔𝑛 and 𝑊𝑝𝑢𝑚𝑝 are the weight the ignition and pump and are equal to 0.3 lb and 
0.05 lb respectively. The value for the weight of the ignition was chosen to be 0.3 as it is a 
reasonable estimate looking at the data in Figure 15. Dividing by the takeoff gross weight 
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and substituting in Eq. (15) and (16) gives the equation for the weight fraction needed in 
Eq. (3). 
𝑊𝑃,𝑐𝑜𝑚
𝑊𝑇𝑂𝐺𝑊
= [0.0007 (
𝑃𝑜𝑢𝑡
𝑊𝑇𝑂𝐺𝑊
) +
0.0087
𝑊𝑇𝑂𝐺𝑊
]  + [0.0588
𝑊𝑒𝑛𝑔
𝑊𝑇𝑂𝐺𝑊
+
0.0409
𝑊𝑇𝑂𝐺𝑊
 ] +
𝑊𝑖𝑔𝑛
𝑊𝑇𝑂𝐺𝑊
+
𝑊𝑝𝑢𝑚𝑝
𝑊𝑇𝑂𝐺𝑊
 (18) 
Since the weight of the engine is equal to a function of the weight of the power out, this 
equation can be simplified to  
 𝑊𝑃,𝑐𝑜𝑚
𝑊𝑇𝑂𝐺𝑊
= 0.000741 (
𝑃𝑜𝑢𝑡
𝑊𝑇𝑂𝐺𝑊
) +
0.05011
𝑊𝑇𝑂𝐺𝑊
 +
𝑊𝑖𝑔𝑛
𝑊𝑇𝑂𝐺𝑊
+
𝑊𝑝𝑢𝑚𝑝
𝑊𝑇𝑂𝐺𝑊
 (19) 
where 
𝑃𝑜𝑢𝑡
𝑊𝑇𝑂𝐺𝑊
 is the power to weight fraction and is found from the constraint diagram.  
 For electrical system, the only other major component is the speed controller. This 
acts as the throttle and varies the current depending on what shaft speeds are desired. For 
the speed controller, the continuous current draw that is desired determines what speed 
controller is necessary. Depending on how a motor is designed it has a different current 
draw, so a regression was made to relate the current draw and the power output of the 
engine. This is shown in Figure 16. 
 
Figure 16. Historical regression depicting the correlation between the motor power and 
the current draw. 
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This figures gives an equation for the current draw of the motor. 
 𝐼 = 0.0532𝑃𝑜𝑢𝑡 + 4.5857 (20) 
With the current draw estimated with the relation to the output power, the next step is to 
relate the output power of the motor to the weight of the speed controller. This is done with 
the regression shown in Figure 17.  
 
Figure 17. Regression relating the weight of the speed controller to the continuous current 
draw. 
This results in an equation for the speed controller. 
 𝑊𝐸.𝑆.𝐶 = 0.0024𝐼 − 0.0011 (21) 
Adding the two components together results in the equation for the propulsive system 
weight. 
 𝑊𝑃,𝑒𝑙𝑒𝑐 = [0.0009𝑃𝑜𝑢𝑡 + 0.2301 ] + [0.0024𝐼 − 0.0011] (22) 
Substituting in Eq. (20) for the current draw, dividing by the takeoff weight, and 
simplifying gives the equation for the weight fraction of the electric propulsion system 
shown below.  
 𝑊𝑃,𝑒𝑙𝑒𝑐
𝑊𝑇𝑂𝐺𝑊
= 0.00102 (
𝑃𝑜𝑢𝑡
𝑊𝑇𝑂𝐺𝑊
) +
0.24
𝑊𝑇𝑂𝐺𝑊
  (23) 
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It is also important to consider the volumes of each system, as a greater volume will 
increase the drag, which requires a more powerful propulsion system, and it will increases 
the weight of structure. Figure 18 shows the volume of a combustion engine with respect 
to its peak power output.  
 
Figure 18. Historical regression relating the peak power output of a combustion engine to 
its volume. 
The volume was related to the output power for combustion engines because it was 
found to have a better correlation. Since there was no data on the volume of the mufflers 
or ignition, an extra 10% of the volume of the engine was added. This resulted in an 
equation for the volume. 
 𝑉𝑃,𝑐𝑜𝑚 = 1.1(0.033𝑃𝑜𝑢𝑡 + 10.569) (24) 
Figure 19 shows the volume of the motor and the speed controller in relation to 
their respective weights.  
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Figure 19. Historical Regression relating the weight of a motor and speed controller to 
their respective volumes. 
Adding the two equations together, substituting in Eq. (14) and (21), and simplifying 
results in Eq. (25).  
 𝑉𝑃,𝑒𝑙𝑒𝑐 = 0.0078𝑃𝑜𝑢𝑡 + 0.1636 (25) 
These equations for volume are used in the drag buildup to estimate the surface area 
of the fuselage. This is shown in section 6.1 Design Methods in Use. From the equations 
in this section, the propulsion system weight fraction can be estimated for either an electric 
system or an internal combustion system. Looking at the historical data, it is clearly shown 
that the components of the electrical system weigh less and are more efficient for lower 
power requirements. However, this weight benefit is counteracted by the lower energy 
density of batteries. The volume of each system is then estimated in order to account for 
the difference in drag. With the weight fraction and volume established, a complete 
comparison can be made of the two systems, which will be seen more in the following 
section. 
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4. Wireless Energy Transfer Methods 
 Once it is determined that an electrical vehicle is desired, it is necessary to look at 
how remotely powered vehicles compare with conventional battery powered vehicles. 
However, before we can compare these two systems, we need to understand how to size a 
remotely powered UAV, and for that, we need to know how wireless power works.  
There are two means of wireless energy transfer: electromagnetic induction and 
electromagnetic radiation. Electromagnetic induction can be broken into two categories: 
electrostatic induction and electrodynamic induction. These are just capacitors and 
inductors respectively. Both of these are near field effects so, even though work is being 
done to increase their range, they are not really useful for aerial vehicles. Electromagnetic 
radiation is a much more promising method. Electromagnetic radiation is caused by the 
movement of charged particles, which releases rays that radiate out from the charged 
particle element. Electromagnetic radiation is characterized by its wavelength, and for 
wireless energy transfer the most researched methods use wavelengths within the visible 
spectrum or microwaves. Going on past research, both microwave emitters and lasers will 
be considered as possible transfer methods. For this part of paper, the distances will be left 
in kilometers in order to compare with the results of other works.  
4.1 Microwaves  
4.1.1 Transmitting Microwaves 
 Microwaves are convenient because they support high power density and can be 
directed into narrow beams using high gain antennas, 40 dB. This allows for transmitting 
over great distances. Transmitting power via microwaves provides problems compared to 
communication though. Communications signals usually transmit as little power as 
 31 
 
 
possible, generally just enough to be able to separate the signal from the noise. In contrast, 
when attempting to transfer power, the amount transmitted is dependent upon the power 
requirements at the receiving end. Microwave transmissions follow the Friis equation, 
which can be seen below. 
 
𝑃𝑟 =
𝑃𝑡𝐺𝑡𝐺𝑟
𝐿𝑓𝑠
 (26) 
Where 𝑃𝑟 is the power received, 𝑃𝑡 is the power transmitted, 𝐺𝑟 is the gain of the receiver, 
𝐺𝑡 is the gain of the transmitter, and 𝐿𝑓𝑠 is the free space loss. The free space loss is the 
loss in the signal strength over an unobstructed distance. Without increasing the transmitted 
power, the only way to make microwave power transfer more effective is to increase the 
gain of the receiver or the transmitter. For this work, only the transmitter will be considered.  
There are many different types of antennas, the most common for long-range applications 
being a parabolic antenna. The reason for this being, that they are very directional and can 
have very large gains. The equation for the gain of a parabolic antenna is found in Eq. (27). 
 
𝐺 = (
𝜋𝑑𝑎
𝜆
)
2
𝜂𝑎𝑛 (27) 
Where 𝑑𝑎 is the diameter of the dish, 𝜆 is the wavelength, and 𝜂 is the aperture efficiency 
of the antenna. Current technology has the efficiency of the transmission around 85% for 
dish antennas and 90% for horn antennas. [24] So in order to increase the gain, the diameter 
of the dish needs to be increased or the wavelength needs to be decreased. Decreasing the 
wavelength below 10 cm has some negative effects due to atmospheric issues, which will 
be shown in the next section. Therefore, the only way to increase the gain for use in this 
work is to increase the diameter.  
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4.1.2 Microwave Propagation 
 For microwaves, a range of frequencies from 0.1 GHz to 30 GHz was analyzed. For 
frequencies less than 3 GHz, propagation theory follows the Friis Equation. The important 
factor in microwave transmission is the free space loss which is shown below.  
 
𝐿𝑓𝑠 = (
4𝜋𝐷
𝜆
)
2
 (28) 
Where 𝐷 is the distance between the transmitting array and the receiving array, and 𝜆 is 
the wavelength.  
 With frequencies over 3 GHz, atmospheric absorption becomes a significant factor. 
This requires another term to be inserted into the Friss equation, which becomes 
 
𝑃𝑟 =
𝑃𝑡𝐺𝑡𝐺𝑟
𝐿𝑓𝑠𝐿𝑎
 (29) 
where 𝐿𝑎 is an atmospheric absorption term. 𝐿𝑎 is a complicated term that is dependent 
upon the makeup of the local atmosphere. For this paper, only oxygen and water vapor will 
be accounted for.  
 Since short range UAVs have relatively low maximum altitudes, only a partial path 
loss needs to be found. Using work from Ho [25], the partial path loss is Eq. (30). 
 
𝐿𝑎 =
𝑎0𝐻0
𝑠𝑖𝑛(𝜃)
(1 − 𝑒
(
ℎ𝑠𝑖𝑛(𝜃)
𝐻0
)
) (30) 
In these equations, 𝑎0 is the absorption coefficienct, ℎ is the partial atmospheric path, 𝐻0 is 
the vertical scale height for the respective loss, and 𝜃 is the path angle. The oblique path 
equation is used when the 𝜃 is greater than or equal to 5̊ and less than 90̊. The vertical scale height 
is the distance at which the density of a substance is decreased by a factor of 𝑒. This was based 
on the atmosphere having a mean standard temperature of 273.5 K.  
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 There are two main atmospheric components that contribute to the absorption of 
microwaves. These are molecular oxygen and water vapor. For oxygen, the specific 
attenuation dependence is found to be 
 
𝛾𝑜2 = [7.19 × 10
−3 +
6.09
𝑓2 + 0.227
+
4.81
(𝑓 − 57)2 + 1.50
] 𝑓2 × 10−3    (31) 
where 𝑓 is the frequency in GHz. For water vapor the specific dependence is  
𝛾𝑜2 = [0.067 +
3
(𝑓 − 22.3)2 + 7.3
+
9
(𝑓 − 183.3)2 + 6
+
4.81
(𝑓 − 323.8)2 + 10
] 𝑓2𝜌𝑤 × 10
−3    (32) 
where 𝜌𝑤 is the water vapor density in g/m
3. These attenuation components are in units of  
𝑑𝐵/𝑘𝑚. Ho uses a maximum value of 12 g/m3 and an average value of 7.5 g/m3. 
The scale height changes depending on the substance. The equivalent scale height 
of the complete atmosphere is around 8 km. The oxygen equivalent height is less, at only 
6 km. The equivalent height for water vapor is found with the following. 
 
𝐻𝑊 = 2.2 +
3
(𝑓 − 22.3)2 + 3
+
1
(𝑓 − 183.3)2 + 1
+
4.1
(𝑓 − 323.8)2 + 1
 (33) 
Plots for the respective absorption coefficients can be seen below in Figure 20, and the 
resulting total attenuation can be seen in  
 
Figure 20. a) Attenuation due to molecular oxygen for distances of 5 km and inf. b) 
Attenuation due to water vapor for various water vapor densities and heights. 
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Figure 21. Total atmospheric attenuation. 
Applying this to Eq.s (29) and (30) the power at the receiver can be determined. 
This is plotted in Figure 22 as contours with respect to frequency and distance. The gain 
for both the transmitter and receiver were modeled as parabolic dishes. The diameter of 5 
m was used for the transmitter and 0.1 m for the receiver. A transmitted power of 20 kW 
was also used. The two plots represent a horizontal path, on the left, and a vertical path, on 
the right. The atmospheric attenuation is much more pronounced for the horizontal path. 
For the most part, these plots show that, for the same distance, increasing the frequency 
results in greater power received. Though for the horizontal path, this is not always true 
due to the effects of the atmosphere. This major change is due to an absorption line at 
22.235 GHz for water vapor. [25] 
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Figure 22. Contours of power (W) received with varying frequency and distance. Part (a) 
is for horizontal path and part (b) is for vertical path. 
Contours of the power received with respect to the downrange distance and the 
altitude can be seen below in Figure 23. Part (a) is the baseline with a frequency of 2.54 
GHz, a transmitter diameter of 5 m, and a transmitted power of 20 kW. The receiver 
diameter is 0.1 m for all parts. Part (b) increases the transmitter diameter to 10 m, (c) 
increases the output power to 40 kW, and (d) increases the frequency to 28 GHz. 
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Figure 23. Contours of power received (W) with a constant receiver diameter of 0.1m: (a) 
5 m diameter transmitter, Pt=20 kW, and f =2.54 GHz (b) 10 m diameter transmitter (c) 
Pt=40 kW (d) f=28 GHz. 
While all the changes increased the power received, increasing the frequency had 
the greatest effect. The sudden change at low altitudes in part (d) is due to the path angle 
being below 5°. For this part the atmospheric absorption term is assumed to be constant. 
These plots show very little power can be transmitted over long distances unless the power 
or antenna area is increased drastically. So it is unlikely that microwaves could be used 
unless the transmission distance is very close. 
4.1.3 Receiving Microwaves  
Microwaves are converted back into electricity using a rectenna. This is done by 
adding a diode to the antenna dipole. The diode converts the alternating current into a direct 
one. This way, it is very important to have a good antenna in order to receive the maximum 
amount of power. Current advancements have shown that rectennas are capable of up to 
90% efficiencies. [26] 
From before, it was shown that changing the receiver gain was one way of 
increasing or decreasing the efficiency of the power transfer. The size and type of antenna 
affect the possible gain. Three types of antennas were looked at for this work: a parabolic, 
 37 
 
 
a Yagi, and a patch antenna. A parabolic dish would provide the highest efficiency and 
gain of the three. Recall that the gain of the parabolic dish is described in Eq. (27) and is 
proportional to the diameter of the dish squared. The gain pattern for a parabolic dish can 
be seen Figure 24. 
 
Figure 24. Gain radiation pattern for a parabolic antenna. [27] 
In order to achieve a gain of 40 dBi the antenna would have to have a 3 m diameter 
for a 3 GHz frequency, or a 0.3 m diameter for a 30 GHz frequency. So depending on the 
transmitting frequency, the dish could become very large. This could be a problem as the 
geometry might not fit well within the vehicle structure.  
The next option is the Yagi antenna. Predicting the gain for a Yagi antenna is more 
difficult than the parabolic dish. The gain is dependent upon many different factors 
including the element spacing, the diameter of the elements, the length of the antenna, the 
operating wavelength, and more. Figure 25 shows the gain with respect to the length of the 
antenna. Depicted on the graph are antennas using five different spacing values. In order 
to be applicable to all operating wavelengths, all the distances are normalized by the 
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wavelength. This plot shows that the achievable gain is oscillatory with respect to the 
length. Shorter spacing of the elements results in higher frequency oscillations and a lower 
max gain. This figure shows a maximum gain of around 14 dB for the 0.3λ and 0.4λ at 
around 10λ long. However, following the oscillatory pattern, it can be surmised that that 
larger spacing combined with a larger length overall would result in an even higher gain. 
 
Figure 25. Optimization of a Yagi antenna gain. [28] 
To consider what an optimized array would look like, a 3 GHz microwave is 
considered. As stated before, this plot shows that the max gain occurs when the length is 
10λ and the spacing is 0.3λ. A 3 GHz microwave has a wavelength of about 10 cm. This 
would result in a total array length of 1 meter with elements place every 3 cm. The gain 
pattern for a Yagi antenna can be seen in Figure 26. This figure shows that the Yagi is less 
directional than the parabolic antenna.  
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Figure 26. Yagi antenna radiation patterns. [29] 
One unconventional idea to fit an antenna into the airframe is to turn the structure 
of the wings into a Yagi antenna. This idea is depicted in Figure 27. The structure of a wing 
is already roughly in the shape of a two Yagi antenna back to back. The ribs could be used 
for the reflector, driven, and director elements. Connecting the antennas in the middle and 
placing adding in a diode would convert microwave power into DC current.  
 
Figure 27. Transforming wing structure into a Yagi antenna. 
 Even though achieving high gains increases the efficiency, like the Yagi and 
parabolic antenna do, this can also cause problems. In order to achieve these high gains, 
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both antennas are very directional. If they are not properly aligned with the transmitting 
antenna, the gain is severely reduced and the benefits are lost. Unless the antennas are fixed 
onto turrets, they cannot be expected to maintain alignment. The patch antenna has the 
benefit as a receiving antenna, in that it is much more omni-directional. Gain patterns for 
a patch antenna are displayed in Figure 28.  
 
Figure 28. Gain patterns for a patch antenna. [29] 
 Using a patch antenna increases the ability to receive power when not directly 
aligned with the transmitter. Also, since they are small, it is possible to place multiple patch 
antennas on the exterior of the UAV in order to receive more power. Since the distance 
between the transmitter and the UAV is much greater than the distance between two points 
on the UAV, it can be assumed that there is no transmitter gain loss due to pointing 
accuracy. Using two patched antennas with an assumed gain of 0 dBi, results in a total 
equivalent receiving gain of 2 or 3 dBi. This way the gain can be artificially increased.  
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4.2 Lasers 
4.2.1 Transmitting Laser 
The next option to provide power remotely via electromagnetic radiation, is through 
lasers. The process of converting electricity to light and then back again tends to be 
inefficient, but lasers benefit from being highly directional with much smaller transmitters. 
Table 2 shows currently available high power lasers. This table shows that the max 
efficiency for converting electricity to light is around 50% using the Diode Laser.  
Table 2. Currently available laser technologies. [30] 
 
 In order to have a high power transmission, it is important to analyze how a laser 
beam is actually formed. A Gaussian beam can be characterized by the radius of the beam 
spot at the transmitter, 𝑊𝑜, and the radius of curvature, 𝐹𝑜. The beam spot radius is defined 
as the distance at which the beam intensity falls below 1/e2 of the maximum on the beam 
axis [31]. The radius of curvature just describes the forming of the beam. The radius of 
curvature is used to find the curvature parameter, which is 
 𝛩0 = 1 −
𝑠
𝐹0
 (34) 
where 𝑠 is a given position down the length of the beam. The curvature parameter describes 
the radius of curvature of the wave front at some length down the beam [32]. There are 
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three different cases: when 𝐹𝑜 < 0, 𝐹𝑜 > 0, and 𝐹𝑜 = ∞. These relate to a beam that is 
divergent, convergent, and collimated respectively. The ideal case is to have a collimated 
beam, which results in a curvature parameter of 1. This means that the wave front of the 
beam is perfectly flat. Another important factor is the beam divergence half angle. This is 
found by 
 
𝜃 = 𝐵2
𝜆
𝜋𝑊0
 (35) 
where 𝐵 is the beam quality. The beam divergence half angle describes how the beam 
spreads as it propagates. The quality of the beam can be different between the x-axis and 
y-axis of the beam. This is shown in Table 2 as the 𝐵𝑥 and 𝐵𝑦 values that are described. 
The 𝐵 value itself, is just the root mean square of the x and y quality values. The radius of 
the beam spot down the path can be found using Eq. (36). 
 
𝑊0 =
𝑊0
[(
𝑘𝑊0
2
2𝐹0
)
2
+ 1]
1 2⁄
 
(36) 
So if the beam is highly collimated, i.e. 𝐹𝑜 = ∞, the waist radius will be the same as the 
beam radius at the aperture.  
  In order to transfer power over a large distance, it is necessary to consider beam 
spreading. By reducing the spreading, it is able to minimize the size of the receiving 
apparatus. When designing a Laser for long distance transmissions, the two important 
characteristics that can be adjusted are the beam quality and the radius of curvature. Having 
a very large radius of curvature results in a curvature parameter of 1 and the spot size will 
be constant along the entire beam. From there, if the spot size is constant, the larger you 
make the beam waist the less the beam diverges. The desired beam quality is 1. That way 
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the divergence is only dependent upon beam waist. With these parameters met, high power 
transfer can be achieved.  
4.2.2 Laser Propagation  
Similar to microwaves, it is necessary to understand how the beam propagates 
through the atmosphere. Understanding this will allow for the efficiency of the transfer to 
be analyzed. Lasers can be directed more efficiently but because they fall within the visible 
spectrum, they are affected more by particles in the atmosphere. The intensity at the 
receiver in its simplest form, can be found by 
𝐼 =
cos(𝛽)𝑃𝑡
𝐴𝑠𝑝𝑜𝑡
𝜂𝑎 (37) 
and is in units of Watts per meter squared. By multiplying by a receiver area the incident 
power at the receiver can be found. 
𝑃𝑖 =
cos(𝛽)𝑃𝑡
𝐴𝑠𝑝𝑜𝑡
𝐴𝑟𝑒𝑐𝜂𝑎 (38) 
Where 𝑃𝑡 is the power transmitted, 𝐴𝑠𝑝𝑜𝑡 is the spot size at the receiver, 𝐴𝑟𝑒𝑐 is the area of 
the receiver, 𝜂𝑎 is the efficiency of transfer through the atmosphere, and 𝛽 is the zenith 
angle. The cos(𝛽) accounts for the power loss due to the incident angle. The efficiency is 
a term that depends upon the local atmospheric conditions.  
 The spot size of the receiver depends upon the initial spot size of the laser and the 
amount the beam spreads along the path. This can be determined by 
𝐴𝑠𝑝𝑜𝑡 = 𝜋 (
𝑑𝑙 + 𝛼𝐷
2
)
2
 (39) 
where 𝑑𝑙 is the diameter of the beam when leaving the forming optics and 𝛼 is how much 
the beam spreads along the path.  
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 The beam spreading has several causes. The model used in this paper comes from 
work done by Breaux [33]. The total spreading is a combination of linear effects and non-
linear effect. The linear effects come in the form of diffraction, turbulence, jitter, and beam 
wander. Non-linear effects come in the form of blooming. The total spreading is the root 
mean square of these values, as shown below. 
𝛼 = √𝜎𝑑𝑖𝑓
2 + 𝜎𝑡𝑢𝑟𝑏
2 + 𝜎𝑗𝑖𝑡
2 + 𝜎𝑤2 + 𝜎𝑏𝑙
2  (40) 
Because these beams have a divergence angle of less than 1 rad, the paraxial approximation 
holds true and therefore these beams are considered diffraction limited. The equation for 
the spreading due to diffraction is 
𝜎𝑑𝑖𝑓
2 = (
𝑚′𝐵𝜆
𝑑𝑙
)
2
 (41) 
where 𝑚′ is a characteristic of the beam shape. For this work the beam shape is assumed 
to have a Gaussian profile that is truncated at 1/e2.  
 Turbulence within that atmosphere can have a twofold effect on beam spreading. It 
can affect the propagation path of the laser, considered a high-frequency effect, and it can 
affect the receiver or transmitter, considered a low-frequency effect. The term for spreading 
due to turbulence accounts for the high-frequency effect.  
The atmosphere can be thought of as a large number of lenses that are constantly 
changing. These changes are brought about by turbulence. As the “lenses” are changed by 
the turbulence, the beam can be rendered incoherent. This effect is what causes the blurring 
and twinkling when viewing stars. An important parameter is the index-of-refraction 
structure constant, which is a measure of the strength of the turbulence. There are many 
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different ways to determine this value, as shown in Figure 29, but for this work a modified 
version of the Hufnagel-Valley 5/7 model 
𝐶𝑛
2(ℎ) = 8.2 × 10−26 (
ℎ
1000
)
10
𝑋2𝑒−ℎ 1000⁄ + 2.7 × 10−16𝑒−ℎ 1500⁄ + 1.7 × 10−14𝑒−ℎ 100⁄  (42) 
 was used. In this model χ is the wind correlating factor, and was set to 21. [34] The 
Hufnagel-Valley 5/7 model estimates the index of refraction structure constant based on 
the altitude.  
 
Figure 29. Various models of the index of refraction. [35] 
It should be noted that the index of refraction is dependent upon current local 
atmospheric conditions. These models are based on empirical data, taken at specific 
locations at a specific time. The index-of-refraction structure constant can then be used to 
calculate the Fried coherence parameter.  
𝑟0 = 2.1 [1.45𝑘
2∫ 𝐶𝑛
2(𝑠) (
𝐷 − 𝑠
𝐷
)𝑑𝑠
𝐷
0
]
−5 3⁄
 (43) 
The Fried coherence parameter is a measurement of the length of the “lens” at which the 
beam remains coherent. Since the index of refraction changes with respect to the altitude, 
the original equation is modified so that it is now a function of the path length, resulting in 
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𝐶𝑛
2(𝐷) = 8.2 × 10−26 (
𝐷𝑐𝑜𝑠(𝛽)
1000
)
10
𝑋2𝑒
−𝐷𝑐𝑜𝑠(𝛽)
1000 + 2.7 × 10−16𝑒
−𝐷𝑐𝑜𝑠(𝛽)
1500 + 1.7 × 10−14𝑒
−𝐷𝑐𝑜𝑠(𝛽)
100  (44) 
which allows for 𝐶𝑛
2 to be integrated with respect to the path length. Figure 30 shows 
experimental values for the fried parameter. The superimposed red dots represent the Fried 
parameter calculated using Eq.s (43) and (44). 
 
Figure 30. Experimental and calculated results for 𝑟0 values for a laser with λ = 847 nm 
and dl = 0.4 m. The red dots are the superimposed calculated values.
 [36] 
Measurements in Figure 30 were taken by using a laser with an 847 nm wavelength and an 
aperture diameter of 0.4 m. The path was between a ground station and a satellite in a geo-
synchronous orbit at 350 km. The variation between the calculated values and the mean 
experimental values, is due to the difference in the 𝐶𝑛
2 value at ground altitude for the 
Hufnagel-Valley model and where the data was taken.  
The Fried parameter is used to calculate the effects due to turbulence.  
𝜎𝑡𝑢𝑟𝑏
2 =
{
 
 
 
 0.182 (
𝜎𝑑𝑖𝑓
𝐵
)
2
(
𝑑𝑙
𝑟0
)
2
𝑖𝑓 (
𝑑𝑙
𝑟0
) < 3.0 
(
𝜎𝑑𝑖𝑓
𝐵
)
2
[(
𝑑𝑙
𝑟0
)
2
− 1.18 (
𝑑𝑙
𝑟0
)
5 3⁄
] 𝑖𝑓 (
𝑑𝑙
𝑟0
) ≥ 3.0
 (45) 
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Using a laser with a 1 m telescope, a beam quality of 15, and a wavelength of 1060 nm 
results in Figure 31.  
 
Figure 31. Beam spreading due to turbulence, in μrad, with B = 15, dl =1 m, and λ = 
1,060 nm. 
Blooming is the self-induced thermal distortion of laser radiation. [37] For lasers 
with energy densities surpassing 1 MJ/cm3, the air begins to break down into plasma 
causing extreme distortion of the radiation. While the lasers studied in this work do not 
reach this intensity, there is still a small effect do to thermal blooming. Thermal blooming 
is the result of the laser heating the atmosphere along the propagation path. This results in 
energy being dispersed into the surrounding atmosphere, thereby reducing the energy at 
the target. While this loss of energy is a small amount, the heating induces a temperature 
gradient thereby changing the index of refraction of the local atmosphere. The temperature 
gradient difference will actually induce turbulence, which will cause further spreading. [38]  
A comparison of a focal plane without blooming and one with blooming effects is shown 
in Figure 32.  
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Figure 32. Contours of a modeled laser profile (a) without blooming and (b) with 
blooming. [38] 
 The effect to due to blooming is a function of the beam qualities, the heating 
process, and the spreading of the beam. The equation for blooming is found to be 
𝜎𝑏𝑙
2 = 𝐶𝐵
′ (𝜎𝑑𝑖𝑓
2 + 𝜎𝑡𝑢𝑟𝑏
2 + 𝜎𝑗𝑖𝑡
2 )(𝜓ℎ)
𝑎 (46) 
where 𝐶𝐵
′  and 𝑎 are coefficients based on beam shape.  The phase integral, 𝜓ℎ, is a function 
that describes the heating phase. The equation for the phase integral is  
𝜓ℎ = ∫
𝑁𝐷𝑁𝐹𝑒
−𝜀𝑠𝑑𝑧
𝑁𝑄
′ (1 + 𝑧𝑁𝑆) [(1 − 𝑧)2 + (
2𝑧𝑁𝑄
𝑁𝐹
)
2
]
1
2⁄
1
0
 
(47) 
 
where 𝑧 = 𝑠/𝐷, 𝑁𝑆 is the slew number, 𝑁𝐹 is the Fresnel number, 𝑁𝐷 is the distortion 
number, and 𝑁𝑄 and 𝑁𝑄
′  are effective beam qualities. The equations for the parameters are  
𝑁𝑆 = 𝑈𝑡 𝑈𝑤⁄  (48) 
 
𝑁𝐹 = (. 5𝜋𝑑𝑙
2) (𝜆𝐷)⁄  (49) 
 
𝑁𝐷 = 2.33 × 10
−9[(𝑃𝑡𝐷𝑁𝐴) (. 125𝑑𝑙
3𝑈𝑤)⁄ ] (50) 
(a) 
 
(b) 
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𝑁𝑄 =
(𝑚2𝜎𝑑𝑖𝑓
2 + 𝜎𝑡𝑢𝑟𝑏
2 + 𝜎𝑗𝑖𝑡
2 )
1 2⁄
𝜎𝑑𝑖𝑓,0
2 𝑚′′
 (51) 
 
𝑁𝑄
′ =
(𝜎𝑑𝑖𝑓
2 + 𝜎𝑡𝑢𝑟𝑏
2 + 𝜎𝑗𝑖𝑡
2 )
1 2⁄
(𝜎𝑑𝑖𝑓 𝐵⁄ )
 (52) 
where 𝑈𝑡 is the target velocity, 𝑈𝑤 is the wind velocity, 𝑚 and 𝑚
′′are beam shape 
parameters. 𝑁𝐴 is the absorption number and is found with  
𝑁𝐴 = ϖ𝐷 (53) 
where ϖ is the absorption coefficient and is in units of km-1. It was estimated to be around 
0.0004 km-1. [30] 𝜎𝑑𝑖𝑓,0
2  is a divergence term and dependent upon the wave length and 
diameter of the beam. 
𝜎𝑑𝑖𝑓,0
2 = (
𝜆
. 5𝜋𝑑𝑙
)
2
 (54) 
Figure 33 plots contours of the spreading due to blooming in μrad. This was done 
for a 12 kW laser, with a beam quality of 3, and a wavelength of 1,060 nm and a diameter 
of 1m. Due to the low intensity of this laser, the effects from blooming are small. Because 
of this, the term for blooming was just set to zero when modeling the total incident power.  
 50 
 
 
 
Figure 33. Beam spreading due to blooming, in μrad. 
 Jitter and wander are effects caused by stabilization and control of the transmitter 
and receiver. The low frequency effect from turbulence is incorporated into these terms. 
Placing the laser on an inertially stable platform and having a high pointing accuracy can 
reduce these terms. An inertially stable platform can reduce very dynamic motion to less 
than 6 𝜇𝑟𝑎𝑑. [39] Since it is difficult to predict the exact mechanics of the transmitter 
system, the laser model used in this work used a combined value 10 𝜇𝑟𝑎𝑑 for the spreading 
due to jitter and beam wander. [30]  
 The next major part to take account for is the efficiency loss caused by the 
atmosphere. As stated before, modeling this efficiency loss is complex. Mathematically, 
the atmospheric attenuation looks like 
𝜂𝑎 = 𝑒
−𝜀𝐷 (55) 
where 𝜀 is the attenuation coefficient per unit distance. This coefficient is due to absorption 
and scattering of the beam within the atmosphere. Elder, Strong, and Langer developed an 
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empirical model to estimate values for the absorption of the beam. The main parameter is 
the concentrations of water in the atmosphere. Several different methods have been created 
to determine the effects of scatter. Scattering is dependent upon the amount, and 
concentration, of particles in the atmosphere that would get in the way of the beam. A 
simple way of determining this is by relating the amount of particles present to the visibility 
of the atmosphere. [40] 
Since estimating the visibility and the amount of water in the atmosphere is 
arbitrary, using experimental data is a much simpler and equivalent way of determining the 
attenuation coefficients. The atmospheric extinction values come from experimental data 
taken by Burle Industries. This can be seen in Figure 34. For the laser propagation model, 
this plot was digitized so that the extinction coefficient could be found for a range of 
altitudes. So an equation was used in the model that was dependent upon the path length.  
𝜂𝑎 = 𝑒
−∫ 𝜀𝑑𝑠
𝐷
0  (56) 
 
Figure 34. Extinction coefficient as a function of altitude, λ = 850 nm and 1,060 nm. [30] 
With all the components understood, it is possible to predict the intensity of the 
beam at the receiver. Using Eq. (37) and substituting in Eq.s (39), (40),and (56) gives the 
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equation for intensity shown below. The equation is multiplied by 0.86 because it is 
assumed that it is a Gaussian beam, where only 86% of the power falls within the angular 
diameter. [30] 
𝐼 = 0.86
4𝑐𝑜𝑠(𝛽)𝑃𝑡𝑒
−∫ 𝜀𝑑𝑠
𝐷
0
𝜋 (𝑑𝑙 + 𝐷√𝜎𝑑𝑖𝑓
2 + 𝜎𝑡𝑢𝑟𝑏
2 + 𝜎𝑗𝑖𝑡
2 + 𝜎𝑤2 + 𝜎𝑏𝑙
2 )
2 (57) 
Plotting the results of this equation results in in Figure 35. This plot models a Laser 
with a wavelength of 1,060 nm, a beam quality of 15, and an aperture diameter of 1 meter. 
This figure shows that the intensity of the beam is greater closer to the point of origin. Also 
the intensity falls of much more rapidly in the horizontal direction. This makes sense 
because according to the Hufnagel-Valley model, the turbulence is stronger closer to the 
ground. This increases the spreading due to turbulence, as shown in Figure 31. Also the 
extinction coefficient is greater near the ground.  
 
Figure 35. Intensity at the receiver in kW/m2 from a 10 kW laser, with B = 15, dl =1 m, 
and λ = 1,060 nm at standard clear conditions. 
 53 
 
 
 As the beam propagates, the beam spot increases in size. To obtain the maximum 
possible power from the transmitter, the receiver has to be sized to capture all incident 
power. Multiplying Eq. (57) by Eq. (39) results in the maximum possible power. Figure 36 
plots contours of the maximum possible incident power. According to this figure, it is 
possible to maintain around 4 kW of power out to about 10 km for a horizontal path, and 
around 7 kW up to 15 km for a vertical path.  
 
Figure 36. Maximum incident power at the vehicle in kW, assuming receiver is sized to 
match the spot size, with a 10 kW laser, with B = 15, dl =1 m, and λ = 1,060 nm. 
  To determine if these contours are reasonable, Figure 37 show intensity contours 
with the same parameters as in Figure 35. The figures share the same general idea and are 
similar in values. However, in Figure 37, a greater intensity is achieved a farther distances. 
This is due to several key differences in models. For Figure 37, the index-of-refraction 
structure constant is assumed constant unless within 35° degrees of zenith and a modified 
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version of the turbulence equation is used. This results in much lower values for spreading 
due to turbulence. The assumption is also made that the extinction coefficient is constant. 
In Figure 37 a simplification is made to the equation for the spot size. By assuming the 
path length is much greater than the aperture diameter, i.e. 𝐷 ≫ 𝑑𝑙, Eq. [(39)] can be 
simplified as shown. 
𝐴𝑠𝑝𝑜𝑡 = 𝜋 (
𝛼𝐷
2
)
2
 (58) 
 
Figure 37. Intensity results from Mason using a 10 kW laser, with B = 15, dl =1 m, and λ 
= 1,060 nm at standard clear conditions. [30] 
 The aforementioned differences make the model used for this work a more 
conservative estimate of achievable power transfer. While this model is useful for this 
paper, for a true application of this work it would be beneficial to find a better model. It 
would be necessary to get statistical data on the atmospheric conditions of the mission 
location. This would allow for a more accurate model of the absorption coefficient to be 
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determined. The turbulence and jitter models would also benefit from a more in-depth 
analysis.  
4.2.3 Receiving Laser Power 
 Energy from a laser is converted back into electricity the same way as collecting 
solar energy, by using photovoltaic cells. Solar energy is considered inefficient because the 
max amount of energy converted is usually only around 20% of total incident radiation. 
Lasers actually have an advantage in that they are only one wavelength. Photovoltaic cells 
can be tuned to a specific frequency, resulting in higher efficiencies, as shown in Figure 
38.  
 
Figure 38. Conversion efficiencies of several different photovoltaic materials. [30] 
 It’s also important to note that the efficiency of photovoltaic cells are not constant. 
As shown in Figure 39, there is a max efficiency for a photovoltaic cell that depends upon 
the intensity on the receiver. These cells also have an optimum operating temperature. 
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Because of how sensitive these cells are, a large amount of energy can be wasted if the 
optimum conditions are not met.   
 
Figure 39. Photovoltaic efficiency for a Spectrolab CDO-100 solar cell. [30] 
 It has already been determined that, as the beam propagates, the spot size at the 
receiver increases with distance. Ideally, a receiver would be designed to be the same size 
as the spot size, at the maximum distance that the mission requires. This way, the maximum 
amount of power would be transmitted. However, this is not always possible due to size 
constraints on the vehicle. Figure 40 shows how the area of the spot size changes.  
 
Figure 40. Contours of the area of the beam spot for a range of altitudes and distances in 
m2. 
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This figure shows that the beam spot increases very rapidly down range, especially 
at low altitudes. Since it would be impossible to build photovoltaic arrays of these sizes on 
small UAVs, it must be accepted that even more power will be lost at greater path distances.  
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5. Remote Power Vehicle Sizing 
This section is the main focal point of this work, and all the sizing equations were 
derived by specifically for this paper. For a remotely powered vehicle, the weight fraction 
of the onboard energy source is broken into the weight fraction of the receiver and the 
weight fraction of the battery.  
𝑊𝑂𝐸𝑆
𝑊𝑇𝑂𝐺𝑊
=
𝑊𝑟𝑒𝑐
𝑊𝑇𝑂𝐺𝑊
+
𝑊𝑏𝑎𝑡
𝑊𝑇𝑂𝐺𝑊
 (59) 
 There are three different scenarios for powering remotely powered vehicles. The 
first is where the vehicle is only solely by a remote source up to some range requirement 
𝑅. In the second scenario, the vehicle is powered to a distance ℓ that the receiver is sized 
to, and then a battery provides all the energy to the vehicle out to some distance 𝑅. In the 
last scenario, the transmitter continues to provide power while the battery provides the 
remaining power necessary. The three scenarios are depicted in Figure 41.   
 
Figure 41. Three scenarios for sizing: (a) laser provides all the power; (b) remotely 
powered, then only battery powered; or (c) battery is augmented with remote power. 
The two most important parameters for sizing an aircraft that is remotely powered, are the 
total downrange distance from the receiver, 𝑅, that the vehicle will go and the downrange 
distance, ℓ, that the receiver will be sized to. The distance ℓ, is the maximum distance at 
(a) 
 
(b) 
 
(c) 
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which the vehicle can be completely powered remotely. The distance from the transmitter 
is found from the downrange distance and the altitude. 
𝐷 = √ℓ2 + ℎ2 (60) 
To determine the battery weight fraction, it is necessary to determine the total 
specific energy required for the mission. The total specific energy of the mission consists 
of the energy necessary for the payload, the energy necessary for the downlink, and the 
energy needed to power the propulsion for any mission leg. This gives 
𝐸𝑏𝑎𝑡
𝑊𝑇𝑂𝐺𝑊
=
𝐸𝑝𝑎𝑦
𝑊𝑇𝑂𝐺𝑊
+
𝐸𝑐𝑜𝑚
𝑊𝑇𝑂𝐺𝑊
+∑
𝐸𝑙𝑒𝑔,𝑖
𝑊𝑇𝑂𝐺𝑊
𝑛
𝑖=1
 (61) 
where 𝑛 is the number of legs, 𝐸𝑝𝑎𝑦 is the energy required by the payload, 𝐸𝑐𝑜𝑚 is the 
energy required for the communications downlink, and 𝐸𝑙𝑒𝑔,𝑖 is the energy of the ith 
mission leg. The energy of the payload is determined by the power draw of the payload 
multiplied the time of the mission. Dividing by the takeoff weight gives the weight fraction.  
The power necessary to create the downlink can be found using the signal to noise 
ratio equation. This equation can be transformed to solve for the necessary transmitting 
power  
𝑃𝑐𝑜𝑚 = (
𝐸
𝑁
)
𝑘𝑇𝑠(𝐷𝑅)𝐿𝑙𝐿𝑎𝐿𝑓𝑠𝑚𝑎𝑟𝑔𝑖𝑛
𝐺𝑡𝐺𝑟
   (62) 
where 𝑘 is the Boltzman constant, 
𝐸
𝑁
 is the system noise temperature, 𝐷𝑅 is the data rate, 
𝐿𝑙 is the line loss, and 𝑚𝑎𝑟𝑔𝑖𝑛 is a desired gain margin. Integrating this with respect to 
time and dividing by the takeoff weight creates the energy weight fraction.  
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 The equations for the mission leg energy fractions can be found in section 2.3 
Modifying Breguet Range Equation. Dividing Eq. (61) by the specific energy of the battery 
type gives the battery weight fraction.  
𝑊𝑏𝑎𝑡
𝑊𝑇𝑂𝐺𝑊
=
1
𝜚
𝐸𝑏𝑎𝑡
𝑊𝑇𝑂𝐺𝑊
 (63) 
5.1 Sizing Vehicle with Microwaves 
5.1.1 Patch Antenna System Weight 
From before, a patch antenna will be used to receive the microwaves. In order to 
estimate the weight, a commercially available antenna is used as a baseline for estimates. 
The antenna used was an AA-800-6000 Appliqué, as shown in Figure 42. It is 5” long and 
2” wide, and the cable is 14.75” long. The entire system only weighs 0.28 oz.  
 
Figure 42. Patch antenna used for weight model. 
For design purposes, it is important to understand how adding a receiver would 
increase the weight of the aircraft. The two components considered are the patch antennas 
and a DC-DC converter. Because the power received by the panels is not guaranteed to be 
consistent, a DC-DC converter is necessary to make sure the appropriate voltage is applied 
to the system. This way the weight of the receiver can be estimated by the following. 
𝑊𝑟𝑒𝑐,𝑚𝑖𝑐𝑟𝑜 = 𝑊𝑝𝑎𝑡𝑐ℎ +𝑊𝐷𝐶  (64) 
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The weight of the patch can be estimated from the area required to receive the necessary 
amount of power  
𝑊𝑝𝑎𝑡𝑐ℎ = 𝑁𝑊𝑝𝑎 (65) 
where 𝑁 is the number of patch antennas necessary, and 𝑊𝑝𝑎 is the weight of each patch 
and is equal to 0.28 oz. These antennas have an adhesive side so there is no need for any 
extra equipment in order to mount them.  
 The number of patches necessary is found by determining the total gain necessary 
on the receiving end. This is done by adding the power from each antenna together, 
resulting in 
𝑃𝑟 =
𝑃𝑡𝐺𝑡
𝐿𝑓𝑠𝐿𝑎
(∑𝐺𝑟,𝑖
𝑁
𝐼
) (66) 
where m is the number of antennas and 𝐺𝑟,𝑖 is the receiving gain for each respective 
antenna. The assumption that the distance between the receiving antennas is much smaller 
than the distance from the transmitting antenna, allows for the assumption of a constant 
transmitter gain and that the gains the receivers are approximately the same. Applying this 
assumption to Eq. (66) and solving for 𝑁 results in Eq. (67). 
𝑁 =
𝐿𝑓𝑠𝐿𝑎𝑃𝑟
𝑃𝑡𝐺𝑡𝐺𝑟
 (67) 
The gain of the receiving antennas is determined from the gain pattern of the patch antenna 
used. This is shown in Figure 43.  
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Figure 43. Gain patterns for patch antenna. 
By determining the location and orientation of the UAV with respect to the transmitter, the 
receiver gain can be estimated.  
The weight of a DC-DC converter varies substantially depending on the desired 
requirements. In order to determine a method of estimation, multiple converters were 
examined and a correlation between the maximum power output and the weight was 
established. This can be seen in Figure 44.  
 
Figure 44. Historical data of how the weight of a converter is affected by the max power 
output. 
 Using the linear regression found with the historical data, an estimation of the 
weight of a DC-DC converter is found to be  
𝑊𝐷𝐶 = 0.0007𝑃𝑚𝑎𝑥 − 0.0026 (68) 
where 𝑃𝑚𝑎𝑥 is the maximum input power to the converter. 
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5.1.2 Microwave Receiver Weight Fraction 
 When sizing a remotely powered vehicle, the receiver weight fraction in Eq. (59) 
is made up of the weight fraction of the patch antennas and the weight fraction of the DC-
to-DC converter.  
𝑊𝑟𝑒𝑐
𝑊𝑇𝑂𝐺𝑊
=
𝑊𝑝𝑎𝑡𝑐ℎ
𝑊𝑇𝑂𝐺𝑊
+
𝑊𝐷𝐶
𝑊𝑇𝑂𝐺𝑊
 (69) 
The first step for sizing a vehicle powered by microwaves is to determine the number of 
antennas needed to receive the necessary power. Dividing Eq. (67) gives the number of 
patches to weight ratio. 
𝑁
𝑊𝑇𝑂𝐺𝑊
=
𝐿𝑓𝑠𝐿𝑎
𝑃𝑡𝐺𝑡𝐺𝑟
(
𝑃𝑟
𝑊𝑇𝑂𝐺𝑊
) (70) 
The power received is transformed into the power needed by dividing by the efficiency of 
the motor, the efficiency of the propeller, and the efficiency of the speed controller.  
𝑁
𝑊𝑇𝑂𝐺𝑊
=
𝐿𝑓𝑠𝐿𝑎
𝑃𝑡𝐺𝑡𝐺𝑟𝜂𝑟𝑒𝑐
(
𝑃𝑛
𝑊𝑇𝑂𝐺𝑊
)
1
𝜂𝑝𝑟𝑜𝑝𝜂𝑚𝑜𝑡𝑜𝑟𝜂𝑠𝑐
 (71) 
The power received to weight term is the important part of this equation. This 
fraction is found by adding Eq.s (7), (62), the power draw of the payload, and dividing the 
latter two by weight.  
𝑃𝑛
𝑊𝑇𝑂𝐺𝑊
=
𝑃𝑙𝑒𝑔
𝑊𝑇𝑂𝐺𝑊
+
𝑃𝑐𝑜𝑚
𝑊𝑇𝑂𝐺𝑊
+
𝑃𝑝𝑎𝑦
𝑊𝑇𝑂𝐺𝑊
 (72) 
Using Eq. (65) along with Eq. (92) results in the antenna weight fraction. 
𝑊𝑝𝑎𝑡𝑐ℎ
𝑊𝑇𝑂𝐺𝑊
=
𝑁
𝑊𝑇𝑂𝐺𝑊
𝑊𝑝𝑎 (73) 
It is then necessary to size the battery portion of the mission. For the first case, where the 
transmitter stops powering once the UAV has passed distance ℓ, the equation for the 
weight fraction of the battery is the same as Eq. (63). For the second case, it is necessary 
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to make some adjustments. Now the battery weight fraction is equal to the battery weight 
fraction minus the weight of a battery that holds the equivalent amount of energy that the 
microwave provides. 
𝑊𝑏𝑎𝑡,𝑚𝑖𝑐𝑟𝑜
𝑊𝑇𝑂𝐺𝑊
=
𝑊𝑏𝑎𝑡
𝑊𝑇𝑂𝐺𝑊
−
𝑊𝑀𝐸𝐵
𝑊𝑇𝑂𝐺𝑊
 (74) 
Where  
𝑊𝑀𝐸𝐵
𝑊𝑇𝑂𝐺𝑊
= (
𝑁
𝑊𝑇𝑂𝐺𝑊
)
𝑃𝑡𝐺𝑡𝜂𝑟𝑒𝑐
𝜎𝑏𝑎𝑡
∫
𝐺𝑟
𝐿𝑓𝑠𝐿𝑎
𝑑𝑡 (75) 
and it should be noted that this work assumes that the battery portion consists of a cruise 
leg out to distance R, and a return cruise leg. Because of this, the change in time is equal 
to the change in distance divided by the velocity. This changes the microwave equivalent 
battery weight to 
𝑊𝑀𝐸𝐵
𝑊𝑇𝑂𝐺𝑊
= 2(
𝑁
𝑊𝑇𝑂𝐺𝑊
)
𝑃𝑡𝐺𝑡𝜂𝑟𝑒𝑐𝑁
𝑣𝜎𝑏𝑎𝑡
∫
𝐺𝑟
𝐿𝑓𝑠𝐿𝑎
𝑑𝑠
𝑅
𝑣⁄
ℓ
𝑣⁄
 (76) 
where 𝑠 is the down range path distance. When determining the battery weight fraction, 
Eq. (8) is simplified. 
(
𝐸𝑙𝑒𝑔
𝑊𝑇𝑂𝐺𝑊
) = 2 (
𝐹𝐷
𝑊𝑇𝑂𝐺𝑊
)
(𝑅 − ℓ) 
𝜂𝑝𝑟𝑜𝑝𝜂𝑚𝑜𝑡𝑜𝑟𝜂𝑠𝑐𝛼
 (77) 
This assumes that there is only one mission leg for the battery-powered portion. The factor 
of two is included to account for the energy for trip out to distance R and the trip back.  
The next part is to determine the weight fraction of the DC-to-DC converter. In Eq. 
(68) the DC-DC converter is dependent upon the maximum power put into the converter. 
Dividing Eq. (68) by the takeoff weight, and assuming that the maximum power received 
by the converter is two times the maximum power needed, an equation for the weight 
fraction can be found to be 
 65 
 
 
𝑊𝐷𝐶
𝑊𝑇𝑂𝐺𝑊
= 0.0001 (
𝑃
𝑊𝑇𝑂𝐺𝑊
)
1
𝜂𝑝𝑟𝑜𝑝𝜂𝑚𝑜𝑡𝑜𝑟𝜂𝑠𝑐
− 0.0026 (78) 
where 
𝑃
𝑊𝑇𝑂𝐺𝑊
 is the power to weight ratio found from a constraint diagram. 
With all the weight fractions solved for, it is possible to solve for the takeoff weight 
given an initial takeoff weight guess. The power to weight ratio can be found from a 
constraint diagram. The range, velocity, and altitude can all be found from mission 
requirements. Using an iterative solver, the takeoff weight can be solved for. Figure 45 
shows how contours of the takeoff gross weight changes with respect to the sizing distance 
and various transmitter parameters.  For all plots a cruise velocity of 57 ft/s was used, at an 
altitude of 1000 ft.  
 
 
Figure 45. Plots of the WTOGW (a) Pt = 20 kW and f = 5 GHz (b) Pt = 20 kW and dt,micro = 
65 ft (c) f = 5 GHz and dt,micro = 65 ft 
(c) 
 
(a) 
 
(b) 
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 The contour lines start to break up as the necessary transmitted power to run the 
UAV becomes greater than the power being transmitted. Increasing the power is a simple 
way of increasing the sizing distance, and reducing the weight at specific distances. Even 
with large power outputs, the UAV can only be powered over short distances. This is due 
to the tendency of microwaves to spread rapidly. Changing the frequency has very little 
effect on the takeoff gross weight, unless the frequency is within the high absorption band, 
around 22 GHz.  
Increasing the diameter of the transmitter dish, results in a larger transmitter gain. 
This is allows the vehicles to be sized to greater distance, and decreases the weight at 
shorter distances. However, this hinges on the ability to have the space, and ability, to 
create these sizes. These large sizes would rule out the likelihood of using a microwave 
transmitter.  
5.2 Sizing Vehicle with Lasers 
5.2.1 Laser Receiver: Flat Panel PV Array 
It’s already been determined that photovoltaic cells are needed to convert the light 
energy into electrical energy. This then raises the question of how will the photovoltaic 
cells be placed on the aircraft. The simplest way to do this is to just place them on them on 
the bottom of the vehicle, however this causes issues that must be accounted for. 
Photovoltaic cells only capture energy that comes in normal to the cell plane. So at steady 
level flight, the total power at the receiver is actually only the power multiplied by the 
cosine of the zenith angle. To see how this effects the power transmission, Figure 36 was 
now considered with the cos(β) term accounted for. This results in Figure 46. It shows that 
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this term does not affect the higher altitudes that much, but it comes into play when 
considering lower altitude operations at large ranges.  
 
Figure 46. Power Received using a flat panel, assuming panel sized to spot size. Using a 
10 kW laser, with B = 15, dl =1 m, ηrec=0.25, and λ = 1,060 nm at standard clear 
conditions. 
 Figure 46 only considers the case of steady level flight. If there were to be any pitch 
angle or roll angle, there would be even more losses. There could also be the case that, due 
to the orientation of the aircraft, the beam would not be able to reach the receiving array at 
all.  
 The equation for the weight of the receiver is the almost identical to the equation 
for the weight of the receiver when using a patch antenna.  
𝑊𝑟𝑒𝑐,𝑙𝑎𝑠 = 𝑊𝑝𝑎𝑛 +𝑊𝐷𝐶 (79) 
where 𝑊𝑝𝑎𝑛 is the weight of the receiving panel. The weight of the converter is found from 
Eq. (68) The panel weight can be estimated from the size of the panel and how it is 
mounted. This results in  
𝑊𝑝𝑎𝑛 = 𝐴𝑟𝑒𝑐𝛿𝜅 (80) 
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where 𝐴𝑟𝑒𝑐 is the area of the receiver, 𝛿 is the weight per area, and 𝜅 is a mounting factor. 
To determine the area necessary, Eq. (38) can be rearranged to solve for 𝐴𝑟𝑒𝑐. Substituting 
in Eq. (39), (55), assuming a Gaussian profile, and accounting for the efficiency of the 
receiving material shows that the area of the receiver can be found from  
𝐴𝑟𝑒𝑐 =
𝜋(𝑑𝑙 + 𝛼𝐷)
2
3.44𝑒−𝜀𝐷𝜂𝑟𝑒𝑐𝑐𝑜𝑠(𝛽)
(
𝑃𝑟
𝑃𝑡
) (81) 
where 𝜂𝑟𝑒𝑐 is the efficiency of the receiver, 𝑃𝑟 is the power received, and 𝑃𝑡 is the power 
transmitted. The power received comes is equal to the incident power, divided by the 
efficiency of the receiving material.   
5.2.2 Laser Receiver: PV Array on Turret 
 One way to make sure the photovoltaic array is normal to the beam, is to place the 
array on a turret like the one shown in Figure 47. This would greatly reduce the incident 
angle of the incoming beam, but there are several drawbacks as well. Adding a turret like 
this would have a much greater added weight than just the panels themselves. It would also 
need to stick out of the airframe in order to place the array in the needed position. This 
would increase the overall drag and therefore require more power. This becomes a tradeoff 
on whether the added power requirements, due to running the servo motors and weight 
increase, makes up for the decrease in incident angle.  
 
Figure 47. 360 degree gimbaled turret. 
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 Sizing of the turret is similar to that of the panel except now there is an added term 
for the weight of the turret itself. This is shown in  
𝑊𝑟𝑒𝑐 = 𝑊𝑝𝑎𝑛 +𝑊𝐷𝐶 +𝑊𝑡𝑢𝑟 (82) 
where 𝑊𝑡𝑢𝑟 is the weight of the turret and includes all the motors, servos, and mounting in 
order to operate it. Like the DC-DC converter, the weight of the turret is estimated through 
a historical regression shown in Figure 48.  
 
Figure 48. Historical regression showing how the weight of the turret is related to the 
diameter. 
 Initially a correlation between the diameter of the turret and the weight is found. 
The relationship between the diameter of the turret and the diameter of the receiving panel 
on the turret is found by using Figure 49. It is assumed that the beam will very rarely be 
horizontal. Therefore, the receiving panel on the turret does not need to be able to reach a 
perpendicular state. This allows for the size of the turret to be reduced. A minimum 𝜙 value 
of 10 is used, that way even of the beam is perfectly horizontal, 98.5% of the power will 
still be received.   
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Figure 49. Dimensioned side view of turret. 
 This 𝜙 allows for a relationship between the area of the receiving panel and the 
diameter of the turret to be found. Using the historical regression, the weight function is 
found. 
𝑊𝑡𝑢𝑟 = 1.0593𝐴𝑟𝑒𝑐 + 0.5252 (83) 
Equation (81) can be substituted in for the area of the receiver. 
5.2.3 Laser Receiver Weight Fraction 
The receiver weight fraction for a remotely powered UAV using lasers includes the 
weight fraction of the receiving panel, the weight fraction of the DC-to-DC converter, and 
the weight of the turret if one is used.  
𝑊𝑟𝑒𝑐
𝑊𝑇𝑂𝐺𝑊
=
𝑊𝑝𝑎𝑛
𝑊𝑇𝑂𝐺𝑊
+
𝑊𝐷𝐶
𝑊𝑇𝑂𝐺𝑊
+
𝑊𝑡𝑢𝑟
𝑊𝑇𝑂𝐺𝑊
 (84) 
A slightly different approach is taken to sizing a remotely powered vehicle using 
lasers. Unlike microwaves, for lasers, a receiver can be sized in order to capture all incident 
laser radiation. This allows for the necessary transmitted power to be calculated. In order 
to solve for the necessary transmitted power, Eq. (81) is rearranged. The receiver is to be 
sized so that, at distance ℓ, the size of the receiver is equal to beam spot size. Solving for 
𝜙 
𝜙 
 
𝑑𝑡𝑢𝑟𝑟𝑒𝑡
2
 
𝑑𝑝𝑎𝑛𝑒𝑙
2
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the transmitted power, and substituting converting the power received into the power 
needed the necessary transmitted power.  
𝑃𝑡 =
𝑃𝑛
0.86𝑐𝑜𝑠(𝛽)𝑒−𝜀𝐷𝜂𝑟𝑒𝑐𝜂𝑝𝑟𝑜𝑝𝜂𝑚𝑜𝑡𝑜𝑟𝜂𝑠𝑐
 (85) 
Dividing and multiplying by the takeoff gross weight gives  
𝑃𝑡 = (
𝑃𝑛
𝑊𝑇𝑂𝐺𝑊
)
𝑊𝑇𝑂𝐺𝑊
0.86𝑐𝑜𝑠(𝛽)𝑒−𝜀𝐷𝜂𝑟𝑒𝑐𝜂𝑝𝑟𝑜𝑝𝜂𝑚𝑜𝑡𝑜𝑟𝜂𝑠𝑐
 (86) 
where the power needed weight fraction is found from Eq. (72). 
The next step is to solve for the receiver area weight fraction. This is done by taking 
Eq. (81) and converting the power received to power needed, and substituting in the drag 
force and velocity. Excluding the initial takeoff weight guess gives Eq. (87). 
𝐴𝑟𝑒𝑐
𝑊𝑇𝑂𝐺𝑊
= (
𝑃𝑛
𝑊𝑇𝑂𝐺𝑊
)
𝐴𝑠𝑝𝑜𝑡
0.86𝑐𝑜𝑠(𝛽)𝑒−𝜀𝐷𝜂𝑟𝑒𝑐𝜂𝑝𝑟𝑜𝑝𝜂𝑚𝑜𝑡𝑜𝑟𝜂𝑠𝑐
 (87) 
Combining this with Eq. (80) gives panel weight fraction of the vehicle. 
𝑊𝑝𝑎𝑛
𝑊𝑇𝑂𝐺𝑊
=
𝐴𝑟𝑒𝑐
𝑊𝑇𝑂𝐺𝑊
𝛿𝜅 (88) 
The weight fraction for the DC-to-DC converter is the same as Eq. (78) The 
historical regression for the weight of the turret is dependent on the necessary receiver 
panel size, so all that needs to be done is divide Eq. (83) by the takeoff weight. This gives 
𝑊𝑡𝑢𝑟
𝑊𝑇𝑂𝐺𝑊
= 1.−503 (
𝐴𝑟𝑒𝑐
𝑊𝑇𝑂𝐺𝑊
) +
0.5252
𝑊𝑇𝑂𝐺𝑊
 (89) 
where (
𝐴𝑟𝑒𝑐
𝑊𝑇𝑂𝐺𝑊
) is found from Eq. (87). Adding together Eq.s (78), (88), and (89) results 
in the total weight fraction due to the receiver.  
The battery weight fraction equation for a UAV using a laser system is similar to 
that of one using a microwave system. If the battery portion is not being augmented by 
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power from the laser, then the battery weight fraction is just as Eq. (63). If the battery 
portion is being augmented, then the battery weight fraction is 
𝑊𝑏𝑎𝑡,𝑙𝑎𝑠𝑒𝑟
𝑊𝑇𝑂𝐺𝑊
=
𝑊𝑏𝑎𝑡
𝑊𝑇𝑂𝐺𝑊
−
𝑊𝐿𝐸𝐵
𝑊𝑇𝑂𝐺𝑊
 (90) 
where 𝑊𝐿𝐸𝐵 is the weight of a battery equivalent to in size to the energy provided by the 
laser. 
𝑊𝐿𝐸𝐵
𝑊𝑇𝑂𝐺𝑊
= (
𝐴𝑟𝑒𝑐
𝑊𝑇𝑂𝐺𝑊
)
3.44𝑃𝑡𝜂𝑟𝑒𝑐
𝜋𝜎𝑏𝑎𝑡
∫
𝑐𝑜𝑠(𝛽)𝑒−𝜀𝐷
(𝑑𝑙 + 𝛼𝐷)2
 (91) 
Using the same mission profile as before, allows for Eq. (77) to be used when 
solving for the battery weight fraction. This also changes Eq. (91). 
𝑊𝐿𝐸𝐵
𝑊𝑇𝑂𝐺𝑊
= (
𝐴𝑟𝑒𝑐
𝑊𝑇𝑂𝐺𝑊
)
3.44𝑃𝑡𝜂𝑟𝑒𝑐
𝑉𝜋𝜎𝑏𝑎𝑡
∫
𝑐𝑜𝑠(𝛽)𝑒−𝜀𝐷
(𝑑𝑙 + 𝛼𝐷)2
𝑅
𝑣⁄
ℓ
𝑣⁄
 (92) 
Using these equations, and their results, the gross takeoff weight can then be solved for.  
Figure 50 shows contours of the gross takeoff weight, with respect to the sizing 
distance and various sizing parameters. As before, the contours get cut off where the 
necessary transmitted power is greater than the actual transmitted power. Figure 50 (a) and 
(b) show how the effects of increasing the transmitted power and increasing the receiving 
panel efficiency, respectively. These two plots show that, changing the transmitted power 
and receiving efficiency has the same effect. This is to be expected as the received power 
is directly related to both the efficiency of the receiver and the power transmitted.   
 Figure 50 (c) shows that there is an optimum aperture diameter. It is around 0.1-
0.2 for small distances, and increases with the sizing distances. This is because, over small 
distances, the smaller the aperture diameter is, the smaller the initial spot size is smaller. 
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However, smaller aperture diameters cause greater diffraction as seen in Eq. (41). Overtime 
they spread more, resulting in larger spot sizes.  
Figure 50 (d) shows that better quality beams result in lower weights, which is to 
be expected. Also the greater the sizing distance, the more important the beam quality is. 
Just as the aperture diameter, this is due to the diffraction effect. Diffraction is directly 
related to quality of the beam. For all plots a cruise velocity of 57 ft/s was used, at an 
altitude of 1000 ft.  
 
 
Figure 50. Contours of WTOGW with respect to distance and various laser parameters (a) B 
= 10, ηre c= 0.25, dl = 0.3 ft (b)  B= 10, Pt,las = 20 kW, dl = 0.3 ft (c) B = 10, Pt,las = 20 kW, 
ηrec = 0.25 (d) Pt,las = 20 kW, ηrec= 0.25, dl = 0.3 ft 
(a) 
 
(b) 
 
(c) 
 
(d) 
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Figure 51 shows the required transmitted power that is necessary to power the 
UAV. The laser is assumed to have a beam quality of 10, an aperture diameter of 0.3 ft, 
and a receiver efficiency of 25%. For this plot, the receiving panel is sized to be equal to 
the spot size of the beam. This plot shows that the required transmitted power increases 
with the downrange distance. As the altitude increases, the required transmitted power 
actually decreases for this range. This is because as the altitude is increased the incident 
angle of the beam is reduced, which allows for more energy to be captured.  
 
Figure 51. Required transmitted power in order to power the UAV. 
5.2.4 Comparison of Flat Panel and Turret  
 A way to possibly increase the efficiency of the system would be to put the 
receiving panel on a turret. By using a turret, the incident angle should be reduced to near 
zero. This would reduce the area of the receiver necessary.  Figure 52 shows that adding a 
turret reduces the receiver area to takeoff weight ratio. The solid lines represent the panel 
and the dotted lines are using a turret. The three different colors are different excess output 
powers. As the excess power increases, the receiving area weight fraction decreases.  
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Figure 52. A comparison of how the turret reduces the receiver weight ratio. Solid lines 
represent just a panel and the dotted lines represent the turret.  
 While using a turret does reduce the area of the receiver, it is important to determine 
how adding a turret affects the overall weight of the craft. Figure 53 shows how the weight 
fractions of the panel and the turret change with the receiving area weight fraction. Because 
the scale between the two plots are so different, the y-axis for the turret weight fraction is 
on the left and the y-axis for the panel is on the right.  
 
Figure 53. Comparison of the weight fractions for the turret and a panel. 
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 Even though using a turret reduces the incident angle, therefore decreasing the 
necessary incident area, the weight cost is much greater than that of just the flat panel. 
Figure 53 only compares the weight fraction of the turret to the weight fraction of a panel. 
Even though having a turret makes the remote powering process more efficient, it increases 
the weight so much that it requires a greater output power. This plot shows that just having 
a flat receiving panel on the fuselage of the vehicle is a better option. 
5.3 Microwave versus Laser Systems 
5.3.1 Efficiency Comparison 
 In order to predict how the systems would compare, the efficiencies of each system 
were determined. This is displayed in Figure 54. This efficiency accounts for converting 
DC to electromagnetic radiation, the transmission path efficiency, and converting it back 
to DC. Each case with for the microwave system assumes a transmitter diameter of 30 ft 
and an altitude of 50 ft.  
 
Figure 54. A comparison of the efficiencies of a microwave powered and laser powered 
system. The microwave system has three different cases: a vehicle with two patch 
antenna, five patch antenna, and ten patch antenna. 
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 Figure 54 shows that, even though the process of converting DC to microwaves and 
back again is more efficient than the equivalent process for a laser, the laser system is more 
efficient, except at extremely close distances and high receiver gains. The microwave 
system can be made more efficient by increasing the diameter of the transmitter, but this 
becomes a cost benefit analysis of having of increases the transmitter diameters to extreme 
sizes.  
5.3.2 Sizing Comparison  
 For this part, only the first scenario depicted in Figure 41 is considered for remotely 
powered UAVs. It is also important to understand that remotely powered vehicles and 
battery powered vehicles are highly dependent upon different parameters. The remotely 
powered vehicle is restricted by distance and the battery powered vehicle is restricted by 
endurance. Figure 55 (a) shows the comparison of microwave and laser powered vehicles, 
and (b) shows the battery powered vehicle. It is clear from (a) that the microwave vehicle 
will always weigh more for these mission parameters.  
 
Figure 55. (a) Shows how the estimated takeoff weight of remotely powered vehicles 
changes with the down range sizing distance. For the laser powered vehicle:  B = 10, Pt,las 
= 20 kW, ηrec = 0.25; and for the microwave powered vehicle: Pt,micro = 20 kW, dl = 20 m. 
(a) 
 
(b) 
 
 78 
 
 
(b) Shows how the estimated takeoff weight of a battery powered vehicle changes with 
endurance. 
In order to compare the battery powered vehicle with the remotely powered vehicle, 
the two plots are superimposed and the Y-axis is set to the same values. The x-axis for the 
remotely powered vehicles is on the bottom in blue, and the x-axis for the battery powered 
vehicle is on the top in green. The profile described in section 2.2 Mission Profile is used 
for comparison. Using Figure 56 it is possible to extrapolate the mission requirements at 
which a remotely powered vehicle would be beneficial.  
 
Figure 56. Sizing comparison of remote power UAVs and battery powered UAVs. 
Figure 56 illustrates how a battery-powered vehicle will weigh less than either a 
laser-powered or a microwave-powered vehicle as long as the endurance is less than 0.7 
hours. This is determined by getting the minimum weight value for thee remotely powered 
vehicles, which is around 8 lbs, and endurance value that corresponds a battery powered 
vehicle of that weight. If the endurance requirement is greater than 0.7 hours, it is possible 
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to have a have a remotely powered vehicle, with essential unlimited endurance, that would 
weigh the same, or less, than a battery powered vehicle. This is dependent upon the range 
requirements though.  For example, if the mission requirements call for an endurance of at 
least 1 hour, unlimited endurance is possible, without increasing the weight, as long as the 
down range distance is less than 2 miles. In fact, if the down range distance requirement is 
only 1 mile, then a laser-powered vehicle will weigh less than a battery-powered vehicle.  
 
Figure 57. Analysis of plot comparing remotely powered vehicles with battery powered 
vehicles. 
The same pattern follows for microwave-powered when compared with battery-
powered, however the microwave-powered vehicle will weigh less as long as the endurance 
is less than 1.3 hours. The weight of the microwave-powered vehicle increases rapidly with 
down range distance, so any added endurance benefits are restricted to a very small range 
of distances.  
 80 
 
 
By making the transmitter and receiver parameters better; such as increasing the 
transmitted power, have a higher quality laser, better receiving efficiency, or higher 
transmitter gain; it is possible to increase the range of distances at which there is a weight 
benefit for using a remotely powered vehicle. In Figure 58 the transmitted power was 
doubled for both systems, and the transmitter diameter was doubled for the microwave 
system. The endurance value, at which a battery powered vehicle is always better, stays the 
same at around 0.7 hours. However, when doing a comparison again of a mission with an 
endurance requirement of greater than 1 hour, it is possible to have a laser powered vehicle 
with no weight penalties as long the range requirement is less than 2.5 miles, instead of 2 
miles from before. 
 
Figure 58. Doubling the transmitted power of both remote systems, and doubling the 
microwave transmitter diameter. 
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Table 3 is a validation of the sizing code used to estimate the weight of a battery-
powered vehicle given the endurance. Several UAVs were chosen, their mission 
requirements were used, and the estimated weight was determined. 
Table 3. Validation of the sizing code used for battery-powered vehicle. 
Vehicle Estimated Actual Difference 
Pointer  12 9 25% 
Dragon Eye 8.4 5.8 30% 
Raven 6.2 4.5 27% 
5.3.3 Surveillance Area 
 The remotely-powered systems and battery-powered systems can also be compared 
by the area that they can cover. Since remotely powered systems can operate anywhere 
within the range of the transmitter, they area they can cover is a circle around the 
transmitter, where the down range sizing distance is the radius. For a battery powered 
vehicle, it is a more complex. For this work, it is assumed that the area a battery powered 
UAV can cover, is the area that it can provide footage of. This way, the area covered is 
dependent upon the endurance of the vehicle, and the camera on board.  
 As an example we’ll use the same mission parameters as in Figure 56. An 
endurance requirement of 1 hour, and down range distance requirement of 2 miles, will be 
used so that the both battery-powered and laser-powered UAVs will be about the same 
weight. From this it is possible to say that the laser-powered vehicle can cover an area of 
12.6 miles2.  
 For the battery-powered UAV, the area covered determined from the endurance, 1 
hour, the cruise velocity, which was 57 ft/s, and the camera field of view. Multiplying the 
endurance and the cruise velocity, gives a possible distance travelled of about 39 miles. 
Using the altitude of 1000 ft, it can be calculated that the battery-powered UAV needs a 
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camera with a horizontal field of view of 81ᵒ in order to cover an area of 12.6 miles2. If the 
camera has a horizontal field of view greater than 81ᵒ, the battery-powered UAV can cover 
more area than the laser powered UAV, or if it’s less than 81ᵒ, the laser-powered UAV 
covers more area.  
5.4 Hybrid Systems 
5.4.1 Augmented versus Non-Augmented systems 
 Now we will take a look at the second and third scenario in Figure 41. These involve 
hybrid systems, in that they are powered remotely and with batteries. For analyzing these, 
the down range distance, 𝑅, is a set point, and the sizing distance ℓ, is varied. Choosing a 
𝑅 value of 7 miles, and still using the output power of 20 kW, results in a nonconvergent 
system, for a purely remotely powered system. This is due to not enough power being 
output. The system was not able to converge until an output power of 600 kW was used, 
and this resulted in a takeoff weight of around 80 lbs. Figure 59 shows a plot of the two 
scenarios for hybrid systems.  
 
Figure 59. Plot of hybrid remote-battery powered systems, with a down range 
requirement of 7 miles. 
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 Figure 59 shows that, while there is a slight weight benefit, there is not a significant 
difference between a system that continues to augment the battery power with the laser 
power, and one that just relies on pure battery power after the sizing distance ℓ. This is 
because after the sizing distance ℓ, the beam spot area continues to grow but the receiver 
is no longer able to capture the entire area. This dramatically reduces the power received, 
and was illustrated in Figure 41 (c). With the hybrid systems, there is an optimal point 
where the weight is a minimum. This occurs when the receiver sizing distance is around 
0.5 miles.  
5.4.2 Comparison of Hybrid, Battery, and Remote Systems 
 Understanding that there is an optimal sizing distance for hybrid systems, allows 
for better comparisons of with battery-powered systems and remote-powered systems. By 
creating a range of values 𝑅 and a matrix of values ℓ, where each row is a range of distances 
between 0 and 𝑅(𝑖), we can get a matrix of takeoff weight values. With this, we can 
determine the optimal weight for each value of 𝑅, and then compare these with battery and 
remote power systems for the same range of 𝑅. This is depicted below in Figure 60.  
 Similar to before, the battery-powered system will weigh less than either the remote 
powered system or the hybrid system, as long the endurance requirement is below 0.7 
hours. The weight of the optimized hybrid system does not increase as rapidly as either the 
battery-powered system or the remotely-powered system. This allows it to reach much 
further distances, while still maintaining a reasonable weight. This plot clearly shows that 
there are significant benefits to using a hybrid system.  
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Figure 60. Comparison of remotely powered, hybrid, and battery powered system. 
When comparing the estimated area these systems could cover, the hybrid systems 
would be similar to the remote powered system, in that the area they can cover is a circle 
around the transmitter. A battery powered system with and endurance of 1 hour weighs 
about the same as a hybrid system with a maximum range value of 7 miles. This results in 
an estimated area of about 150 miles2 for the hybrid system. In order for the battery 
powered system to compete with that, it would have to have a camera with a horizontal 
field of view of about 170ᵒ.  
A good thing to understand about the sizing results is the growth factor. The growth 
factor is how much the takeoff gross weight will increases per pound of payload, and is 
found by dividing the resulting takeoff weight by the payload weight. Some typical growth 
factor values are: 12-13 for hypersonic vehicles, 4-5 for supersonic transports, and 2 for 
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subsonic aircraft. [41] The higher the growth factor is, the more sensitive the system is. For 
a hypersonic vehicle, for each extra pound of payload, the takeoff weight will increase by 
12 lbs. So hypersonic vehicles are very sensitive. On the other hand, for a subsonic vehicle, 
for each extra pound of payload, the takeoff weight will only increase by 2 lbs.  
Figure 61 depicts contours of the growth factor for various ranges and payload 
weights. This plot shows that as the payload weight increases, the growth factor decreases.  
With a payload weight greater than 12 lbs, and for a range up to 2 miles, a remotely 
powered vehicle is very similar to a supersonic transport with a growth factor value 
between 4 and 5. As the payload weight decreases, remote powered systems become more 
sensitive. As the range increases, the vehicle also becomes more sensitive. For low payload 
weights and high ranges, a remotely powered vehicle can have a growth factor of up to 
180. This shows that remotely powered vehicles can be very sensitive systems.  
 
Figure 61. Contours of the growth factor while varying the downrange sizing value and 
the payload weight.      
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6. Conclusion 
6.1 Design Methods in Use 
 To analyze the results of the methods developed, the design of a small UAV is 
considered. Currently, the Raven is the most widely used small UAV within the US 
military. The purpose of the example UAV will be to perform the same mission 
characteristics as the Raven, but with an increased endurance. These next sections will 
show how the requirements work with the design matrix.  
 
Figure 62. The design process flow. 
6.1.1 Concept of Operations 
 Unmanned aerial systems are used differently within the army hierarchy, depending 
on the on the size of the UAV and its range. In descending order, the army is broken up 
into corps, divisions, brigades, battalions, companies, platoons, and finally squads. UAVs 
are only broken into three groups: long range, mid-range, and short range. A depiction of 
the different ranges is shown in Figure 63. The short range is considered to be less than 25 
km. The UAVs of this class are used to provide a direct support role to the brigades and 
anything below. This is where the Raven is used. Mid-range is considered to be less than 
125 km. These usually provide a general support, and sometimes direct, support role to the 
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divisions. The Shadow is the most commonly used UAV in this class. The long-range class 
is anything above 125 km. These provide support to the division and above. The Hunter, 
Gnat, and Global Hawk are all used as in this class. Figure 63 shows an outline of Iraq in 
each sub picture. The ranges for each class of vehicle are depicted by the circles. In (a), the 
class range capabilities just appear to be dots. The mid-range vehicles in (b) cover a fair 
amount of area, and then (c) shows how a long range vehicle can cover the entirety of Iraq 
by itself.  
  
Figure 63. Range of different unmanned aerial systems over a map of Iraq: (a) short range 
(b) mid-range and (c) long range. [11]  
 The UAV to be designed must fit within the current Army architecture. The goal of 
designing a short range UAV means it will be used within the brigades. Because it is to be 
remotely powered, it needs a ground station and therefore needs some type of vehicle for 
transportation. The brigades are broken into three categories: the Infantry Brigade, the 
Stryker Brigade, and the Armored Brigade. Within these separate brigades exist the 
Mounted Reconnaissance, the Stryker Reconnaissance Troop, and the Armored 
Reconnaissance Troop respectively. Each of these groups contains vehicles capable of 
transporting a ground station. In order to fulfill the mission of the Raven, the RPUAV has 
to achieve the requirements in Table 4. 
(a) (b) (c) 
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Table 4. Requirements of Raven's mission. 
Range 7.5 miles 
Airspeed 23 kt loiter, 34 kt cruise, 70 kt dash 
Climb 11 ft/s 
Payload  EO and IR sensors 
Launch Hand launch 
 
 There is also the derived requirement that the ground station has to be portable. 
This means that the power supplied to the laser must also be portable. The infantries 
Mounted Reconnaissance use HMMWVs for transportation. Recent upgrades allow the 
alternator of the M1123 HMMWV to output 35 kW. [42] The Stryker vehicles and Abram 
tanks used by the other two troops allow for greater power. Using the minimum, results in 
35 kW as the maximum available power to be transmitted.  
 The first step for designing the UAV is to consider whether it should have a 
combustion propulsion system or an electric propulsion system. In order to do this, it is 
necessary to know the required range and power. The range is simply found in Table 4. In 
order to estimate the power required for the vehicle, a simple back-of-the-hand calculation 
using the lift-to-drag ratio should suffice.  
𝑃 =
1
(𝐿 𝐷⁄ )
𝑣
𝜂𝑝𝑟𝑜𝑝
WTOGW (93) 
For this estimation, it is assumed that the UAV is in steady-level flight. Using a 
conservative lift to drag estimate of 3, a propeller efficiency of 50%, a takeoff gross weight 
of 5 lbs, and the dash speed gives a power requirement of 550 W. This a very conservative 
estimate, as the Raven itself has a 200 W motor. Even when doubling the takeoff gross 
weight, the power requirement estimate still stays below 1 kW line. So because the design 
requirements fall below 1 kW and 30 mile markers, an electric propulsion system should 
be used. This is summed up in Table 5. 
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Table 5. Determining factors for a combustion vs. electric system 
 Power Range 
Deciding 
Factor 
1 kW 30 miles 
Requirements 0.55 kW 7.5 miles 
 
6.1.2 Constraints 
  The requirements from Table 4 are used to form Figure 64. The constraints are 
formed using the specific excess power equation found in Eq. (5) Since the UAV does not 
change weight throughout the duration of the mission, the weight fraction is equal to one. 
The coefficient of drag is estimated using 
𝐶𝐷 = 𝐶𝐷,0 +
𝐶𝐿
2
𝜋𝑒𝐴𝑅
 (94) 
where 𝐶𝐷,0 is the parasitic coefficient of drag, 𝑒 is the Oswald efficiency factor, and 𝐴𝑅 is 
the aspect ratio. Usually the Oswald efficiency is estimated to be between 0.7 and 0.9. 
These values of 𝑒 only hold for high Reynolds numbers, 𝑅𝑒 > 5 × 106. It has been shown 
that values of 𝑒 can be as low as 0.22 for 𝑅𝑒 ≈ 2 × 104. [43] Since the Reynolds number 
for the above mission and requirements will be between 2 × 105 and 3 × 105, a moderate 
value of 0.5 was used for the Oswald efficiency. The parasitic drag coefficient is found by 
summing up the skin friction coefficients for each part of the vehicle. [44] The estimate for 
the parasitic drag was broken up into four parts: the fuselage, the wing, the horizontal tail, 
and the vertical tail. The equations for the wing, horizontal tail, and vertical tail are the 
same.  
CD,0w/ht/vt = Cfftc (
Swetw/ht/vt
S
)(
Cd,minw/ht/vt
0.004
)
0.4
 (95) 
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where 𝑆𝑤𝑒𝑡 is the wetted surface are of the part, 𝑆 is the planform area, 𝐶𝑑,𝑚𝑖𝑛 is the two-
dimensional minimum drag coefficient of the airfoil used,  𝑓𝑡𝑐 is a function of the maximum 
thickness ratio, and 𝐶𝑓 is the skin friction coefficient. The function of the thickness ratio is 
found with  
ftc = 1 + 2.7 (
t
c
)
max
+ 100 (
t
c
)
max
4
 (96) 
where (
𝑡
𝑐
)
𝑚𝑎𝑥
 is the maximum thickenss ratio. The coefficient of friction is 
Cf =
0.455
[log10(Re)]2.58
 (97) 
for turbulent flow or  
Cf =
1.327
√Re
 (98) 
for laminar flow. Due to the low Reynolds number, the flow was considered to be mostly 
laminar.  
 The equation for the parasitic drag due to the fuselage is slightly different from that 
of the wing and tails. The coefficient is now a function of the length to diameter ratio and 
there is no minimum drag term,  
CD,0f = CffLD (
Swetf
S
) (99) 
where 𝑓𝐿𝐷 is a function of the length to diameter ratio. 
fLD = 1 +
60
(L D⁄ )3
+ 0.0025 (
L
D
) (100) 
The total parasitic drag coefficient comes from summing all the parts together. 
CD,0 = (CD,0f + CD,0w + CD,0ht + CD,0vt)CD,crud (101) 
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The entire thing is multiplied by a factor deemed the crud drag factor. This is due to the 
fact that, for small vehicles, there is an increased drag effect caused by not having a 
perfectly smooth vehicle surface. This is usually not taken into account because the effect 
of a bolt, gap between materials, or antenna is insignificant in comparison to the total drag 
for a large vehicle. There is not much literature on this subject because small UAVs are 
relatively new, so the crud drag factor was estimated.  
CD,crud =
S + 4
S
 (102) 
This equation was developed so that, as the span increased, the crud factor would approach 
1. For a small vehicle with a planform area of 4 ft2, the crud drag would double the parasitic 
drag coefficient.  
 In order to size the vertical and horizontal tails, the dimensions of the UAV need to 
be known. Since the size of the vehicle changes depending on the parameters, the 
dimensions are determined based on payload weight and propulsion system power 
requirements. The required power for the propulsion system is used in Eq. (24) or Eq. (25) 
to find the volume an electric or internal combustion system respectively. Using a payload 
density, the volume of the payload can be found from the weight of the payload. Using the 
estimated volume of the fuselage, the fuselage length was found with 
𝑙𝑓 = (
3
0.3 × 4
𝜋𝑉𝑓)
1
3⁄
 (103) 
and the diameter of the fuselage was found with the following.  
𝑑𝑓 = 2 × 0.3 × 𝑙𝑓 (104) 
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The distance from the aerodynamic center of the tails was assumed to be 1.5 times the 
length of the fuselage. These equations were developed so that a vehicle with the same 
approximate payload weight and volume, would have dimensions similar to the Raven.  
To get the hand-launch requirement, the coefficient of lift needs to be determined. 
The coefficient of lift is estimated with 
CL =
nϑ
q
(
WTOGW
S
)  (105) 
where n is the g-loading. To get the hand launch requirement, it is assumed that the UAV 
can be thrown at 10 ft/s. This velocity is used to solve for the specific excess power. By 
assuming that after being thrown, it needs to have a climb rate of 5 ft/s, a constraint contour 
is made.  
 
Figure 64. Constrain diagram using Raven requirements. 
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 This figure shows that the design space has a power to weight ratio of roughly 30 
ft/s, with a wing load between 1 and 2 lb/ft2. Three small UAVs currently in production are 
shown. The all have a wing loading of around 2 lb/ft2. The Raven and the Pointer have 
power to weight ratios around 30 ft/s, but the Dragon Eye has a much higher power to 
weight ratio at about 50 ft/s. From this constraint diagram, and taking into account working 
UAVs, a power to weight ratio of 30 ft/s and a wing loading of 2 lb/ft2 was decided upon.  
6.1.3 Example Sizing 
 With the requirements and design space known, it is possible to actually estimate 
the takeoff weight of the vehicle. A flow diagram of the code used to estimate the takeoff 
weight can be seen in Figure 65. Information from the laser model is only input into the 
battery weight model if the battery is being augmented after distance ℓ. The requirements, 
conditions, along with an initial weight guess are input into the system and takeoff weight 
is found. The new takeoff weight is used to determine the next guess. This is iterated until 
the input takeoff weight and output takeoff weight are the same.  
 
Figure 65. Information flow diagram of sizing code. 
Receiver Weight Model 
Battery 
Weight Model 
DC-DC 
Converte
Empty 
Weight Model 
Inputs 
Control 
Model 
Drag 
Mode
Laser 
Model 
Vehicle Sizing 
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 The control model is used to estimate the size of the horizontal and vertical tails. 
This was done by using historical values of tail volume coefficients to find the required 
surface area for the tails. A value of 0.5 is used for the horizontal tail and 0.04 for the 
vertical tail. [44] These values correspond to that of a home-built aircraft. Because of the 
low Reynolds numbers expected, a S1223 airfoil was used for the model. This airfoil was 
designed to have high lift characteristics at low Reynolds numbers. The cross section can 
be seen below in Figure 66 and the lift and drag characteristics are shown in Figure 67.  
 
Figure 66. Cross section of the S1223 airfoil. [45] 
 
Figure 67. Lift curve and drag polar of the S1223 airfoil. 
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Three lasers from Table 2 were chosen to be used with the sizing code. The lasers 
chosen were the 10 kW fiber laser, the 25 kW thin disk laser, and the 10 kW diode Laser. 
These were chosen for their high power outputs and relatively good quality. Using an 
efficiency of 50% for converting energy to light, means that the power in to the laser needs 
to be 20 kW for the diode and fiber Lasers, and 50 kW for the thin disk laser. Since the 
maximum output from the alternator of the HMMWV is 35 kW, it was assumed that the 
thin disk laser would be pulsed such that the resulting power output was 17.5 kW. Results 
from the sizing code are shown in Figure 68. 
  
Figure 68. Comparing battery powered system, with different laser powered systems. 
 Figure 68 shows that, no matter what laser you use, if the endurance requirement is 
less than about 1.5 hours, the battery system will be the lighter option. If the endurance 
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requirement is greater than 1.5 hours, then the range requirement comes into play. For 
example, if the endurance requirement was 2 hours and the range requirement was 1.5 
miles, the either a thin disk or diode laser powered UAV would give greater endurance, for 
less takeoff weight than the battery system. The Fiber laser would not be a viable option 
for this range requirement.  
 Recalling from Table 4, the range requirement is 7.5 miles. Figure 68 shows that a 
UAV completely powered by a laser is not possible with these mission parameters. As 
discussed in section 2.2 Mission Profile, it is possible to have a UAV that is only partially 
powered by a laser. The issue with this is determining what distance the receiver should be 
sized to. In Figure 69, the down range distance is the distance to which the receiver is sized 
to, however, now there is a battery added, with the capacity to take the UAV out to the max 
range, 7.5 miles, and back at cruise speed.  
Each of these vehicles can reach a range of 7.5 miles, and do not actually need to 
land as the batteries can be powered in flight, as long as they are in range of the laser. If 
the endurance requirement is 2 hours or greater, then a vehicle utilizing both a battery and 
laser power can be lighter than that of the equivalent using just a battery. The sizing range 
at which it will have a lower takeoff weight, is dependent upon the type of laser used. For 
the Thin Disk laser, as long as the sizing range is less than 1.5 miles, then it will be lighter. 
It is the same way when using a Diode laser and a receiver sized to around 0.7 miles, and 
a Fiber laser and a receiver sized to around 0.5 miles. For the Thin Disk laser, there is an 
optimum sizing range at around 0.5 miles, where the takeoff weight is the least. For the 
Diode laser there is one around 0.25 miles. Due to the characteristics of the Fiber laser, 
there isn’t really an optimum point.  
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Figure 69. Comparison of battery powered system and system using both batteries and 
lasers. 
 The purpose of this paper was to develop the methods for designing a remotely 
powered UAV, and to determine the design space that it falls within. With the advance of 
technology, it is possible to create aircraft that do not fall within traditional design methods. 
This paper provides a platform with which a remotely powered UAV can be designed. It 
also provides the way with which to determine if a remotely powered UAV is actually a 
viable solution to the specific mission requirements.  
6.2 Process Overview 
The first step to developing a method to design a remotely powered vehicle was to 
take the conventional sizing method and convert it so that it was dependent upon on the 
weight of the onboard energy source, instead of specific fuel weight. Defining this term as 
an onboard energy source allows for this method to account for battery source that is 
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actually located on the vehicle, and a receiving panel that gets its power from another 
location. Since these are both electrical powering methods, the specific energy for each leg 
was derived from the specific excess power equation.  
 With the basic sizing method established, it was then necessary to determine how 
the power would be transmitted. From research, it was determined that the best methods 
were either microwave power or laser power. Models from previous papers were used to 
establish how both methods propagated through the atmosphere. This allowed for the loss 
of power to be calculated depending on the distance and orientation of the UAV, with 
respect to the transmitter. Receiving methods were also researched, and it showed that the 
best method for receiving the transmitted power was with a flat panel for the laser, and 
patch antenna for the microwaves.  
 An equation for the weight fraction of the receiving apparatus was derived from the 
way in which the energy propagated. By finding the energy needed to completely power 
the vehicle at a given distance, the size of the receiving apparatus was determined. This 
was then converted into a weight fraction. Using this weight fraction, it was shown how 
the takeoff gross weight was affected by changing the different parameters of the respective 
transmitter. With the complete sizing method developed, a design matrix was developed.   
6.3 Conclusion 
 A design flow was developed to determine when to use a specific type of vehicle. 
This was done by starting with the overall systems, and breaking it down within each 
system, as shown in Figure 5. It first compares combustion systems and electric systems. 
Using historical data, it was shown that if the power requirement is less than 1 kW and the 
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range requirement is less than 30 miles, then it is likely that an electrical system is the 
better option.  
 The electrical system was broken into subcategories of battery powered and 
remotely powered. In order to compare these, it was necessary to understand the 
capabilities of both the microwave and laser powered systems. By plotting the takeoff gross 
weight versus range for the laser/microwave powered system, and takeoff gross weight 
versus endurance for the battery powered system, it can be shown when the specific type 
of vehicle should be chosen. This is dependent upon both the mission requirements and the 
transmitter/receiver parameters. This plot, such as Figure 56, shows at what endurance 
requirement remote power become a viable option, and the limit on the range requirement.  
 The efficiencies of the microwave and laser systems were also compared. This 
showed that, except at very close ranges, the laser system is the better option. This is due 
to the fact that it is much more focused than microwave system. The laser receiving options 
were then compared and it was found that the turret just added too much weight. The best 
option was just a flat panel. Hybrid missions, where the UAV is both battery powered and 
remotely powered, where also analyzed by varying the range at which the receiver was 
sized to. This showed that there was an optimal point at which the receiver could be sized 
to, in order to minimize the weight. This was around 0.5 miles for the parameters used. The 
hybrid system’s weight was also less affected by the range than a pure remotely powered 
system.  
 There are three major area of work within this paper: the historical data, the drag 
buildup, and laser propagation. The first part that can be enhanced upon is the historical 
data. Historical data was used to determine multiple different things throughout this paper 
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such as: the break between combustion and electric systems, the weight of the motors, and 
more. By gather more data, it would create more accuracy in the conclusions that are being 
draw.  
 The next part for more work would be to include a better drag estimation. Data on 
drag estimation on small UAVs is very limited, so it is not possible to really determine how 
accurate this buildup is. The next step would be to create a sizing code that determined the 
drag from a CFD model that was generated using the payload weight and volume 
requirements.  
 The equations for the propagation of microwaves are well established. Lasers are 
another matter. It is affected by many different conditions, such as temperature, turbulence, 
and particulate matter in the air. Using localized data for the mission requirements would 
allow for better results to be determined.  
 Billions of dollars are being put into the development of UAVs and their 
requirements are becoming more and more complex. Remote powering offers the chance 
to have a UAV with theoretically unlimited endurance. This paper provides the method 
with which to design these vehicles. It also creates a step by step process, given a set of 
requirements, to determine if they are a viable option.   
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APPENDICES 
 
A: UAV Data 
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B: Plots of Electric and Combustion Systems 
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